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Bacchus
‘Bring me wine, but wine which never grew 
In the belly of the grape,
Or grew on vine whose tap-roots, reaching 
through
Under the Andes to the Cape,
Suffer no savor of the earth to scape.
Let its grapes the mom salute 
From a nocturnal root,
Which feels the acrid juice 
Of Styx and Erebus;
And turns the woe of Night,
By its own craft, to a more rich delight.
We buy ashes for bread;
We buy diluted wine;
Give me of the tme,
Whose ample leaves and tendrils curled 
Among the silver hills of heaven 
Draw everlasting dew;
Wine of wine,
Blood of the world,
Form of forms, and mold of statures,
That I intoxicated,
And by the draught assimilated,
May float at pleasure through all natures; 
The bird-language rightly spell,
And that which roses say so well.
Wine that is shed
Like the torrents of the sun
Up the horizon walls,
Or like the Atlantic streams, which run 
When the South Sea calls.
Water and bread,
Food which needs no transmuting,
Rainbow-flowering, wisdom-fruiting, 
Wine which is already man,
Food which teach and reason can.
Wine which Music is,
Music and wine are one,
That I, drinking this,
Shall hear far Chaos talk with me;
Kings unborn shall walk with me;
And the poor grass shall plot and plan 
What it will do when it is man.
Quickened so, will I unlock 
Every crypt of every rock.
I thank the joyful juice 
For all I know;
Winds of remembering 
Of the ancient being blow,
And seeming-solid walls of use 
Open and flow.
Pour, Bacchus! the remembering wine; 
Retrieve the loss of men and mine!
Vine for vine be antidote,
And the grape requite the lote!
Haste to cure the old despair,
Reason in Nature's lotus drenched,
The memory of ages quenched;
Give them again to shine;
A dazzling memory revive;
Refresh the faded tints,
Recut the aged prints,
And write my old adventures with the pen 
Which on the first day drew,
Upon the tablets blue,
The dancing Pleiads and eternal men.’
Ralph Waldo Emerson (1803 - 1882)
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Abstract
Relatively few studies have described the response of grapevine photosynthesis or 
photoprotection to low, chilling temperatures (0-15°C). None have demonstrated either 
a mechanism responsible for chilling-induced limitation of photosynthesis or whether 
this limitation impacts on grapevine productivity in a field-acclimated situation. The 
series of studies that constitute my thesis were designed to investigate grapevine 
photosynthesis and photoprotection, and the mechanisms that govern the efficiency of 
these processes at low temperature.
Short-term responses of photosynthesis of field-grown cool climate grapevines to early 
morning low temperatures were mediated by both stomatal closure and Rubisco activity 
above 15°C and RuBP regeneration below 15°C in the absence of sustained net 
photoinactivation. The photosynthetic response to low temperature caused restriction of 
total daily carbon gain in field-acclimated grapevines. The daily loss of integrated daily 
carbon gain accumulated over time to produce large differences in growth even between 
microsites within a vineyard differing by 1-3°C due to cold air drainage.
The response of stomatal conductance to low temperature was further investigated and it 
was found that dark chilling induces prolonged stomatal closure well into periods where 
temperatures were no longer limiting, implying that leaf stomatal closure was mediated 
or prolonged by accumulation of leaf ABA. This closure limited intercellular CO2 partial 
pressures and light-saturated photosynthetic capacity. During chilling in the light it was 
also demonstrated that stomatal conductance declined. Vapour pressure difference could 
not explain this phenomenon. This demonstrates a direct influence of temperature on 
stomatal function. When intercellular CO2 partial pressures was kept constant despite 
stomatal closure it was shown that leaf CO2 assimilation still declined. This indicates 
that a non-stomatal factor was involved in the limitation of photosynthetic rate.
As stomatal resistance to CO2 increased during low temperature treatment, Rubisco 
activity became the limiting factor under saturating light. Loss of Rubisco activity was 
due to thermodynamic constraints on catalytic turnover and a de-carbamylation of 
active Rubisco sites. Above 15°C the loss of Rubisco activity and both stomatal and
mesophyll conductance caused the decline in photosynthetic rate. Below 15°C, stomatal 
conductance, mesophyll conductance and Rubisco activity continued to decline; 
however, restriction of RuBP regeneration became relatively more important in limiting 
the rate of photosynthesis. The absence of chronic photoinactivation in field- and 
glasshouse-grown grapevines, O2 and CO2 insensitivity of photosynthesis and the 
stimulation of photosynthesis by phosphate feeding demonstrated that limited RuBP 
regeneration was due to phosphate limitation. This was likely to have been mediated by 
deactivation of enzymes in end-product synthesis pathways restricting P j  recycling. 
These temperature dependent processes were incorporated into the Farquhar & von 
Caemmerer photosynthesis model. Introducing temperature dependence to the rate of 
triose phosphate export in grapevine leaves greatly improved accurate prediction of 
photosynthetic rate at low temperatures and ambient and elevated CO2 partial pressures.
Despite a reduction in energy utilization by .ßw/usco-mediated processes at low 
temperature causing significant increases in the amount of light excessive to that of 
photosynthesis, grapevine leaves maintain high intrinsic quantum efficiencies of PSII, 
as measured by the chlorophyll fluorescence parameter FJFm, in both field and 
laboratory conditions. FJFm was found to be a linear measure of the percentage of 
functional PSII reaction centers in grapevine leaves and was used to calculate the 
quantum yield of net photoinactivation. Grapevine leaves are highly resistant to 
photoinactivation at all temperatures relative to other species. Xanthophyll-mediated 
non-photochemical quenching and high intrinsic rates of D1 repair are responsible for 
conferring this high resistance by reducing the ‘gross’ rate of photoinactivation and the 
‘net’ rate of photoinactivation, respectively. A new method of energy dissipation 
analysis revealed that up to 75% of all absorbed light is dissipated thermally via pH and 
xanthophyll-mediated non-photochemical quenching at low temperatures and moderate 
light. Thus, the xanthophyll cycle and the high rate of D1 repair predominantly mitigate 
against photoinactivation of PSII in grapevine.
At low temperatures, grapevine photosynthesis is limited by both stomatal closure and 
phosphate limitation, which in turn restricts carbon gain and growth in both glasshouse 
and field-acclimated conditions. Despite the reduction in common energy dissipation 
processes that include photosynthesis, photorespiration and the water water cycle, 
grapevines remain highly resilient due to high capacity for xanthophylls-mediated 
thermal dissipation and high rates of repair of damaged PSII reaction centers.
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Chapter 1 General introduction
l.i Photosynthesis: the process driving plant productivity
Photosynthesis is the process of harvesting the energy from sunlight to fix atmospheric 
carbon dioxide for the production of carbohydrate. It is important to all life on Earth 
since it is the primary source of energy that drives productivity of the food chain and the 
global oxygen, carbon dioxide and water cycles.
Photosynthesis consists of two processes: (1) the photochemical or ‘light’ reactions 
where solar energy is captured by the membrane-embedded light-harvesting chlorophyll 
alb and carotenoid pigments and used to convert light energy to chemical energy 
(adenosine triphosphate, ATP) and reducing power (nicotinamide adenine dinucleotide 
phosphate, NADPH). ATP and NADPH are subsequently used in (2) photosynthetic 
carbon metabolism where CCL is captured by the enzyme ribulose-l,5-bisphosphate 
carboxylase/oxygenase (Rubisco) in C3 plants to produce carbon reduction cycle 
intermediates for sucrose, starch and amino acid synthesis. Both processes take place in 
the chloroplast organelle of the plant eukaryotic cell (see Scheme 1-1) and are coupled 
by a complex biochemical regulatory network (Paul & Foyer 2001).
The components of the photosynthetic electron transport chain include the membrane- 
bound light-harvesting pigment-protein complexes called photosystem II (PSII) and 
photosystem I (PSI; See Scheme 1-1). Essential to the structure and function of PSII is 
the D1/D2 heterodimer that binds the pigments and their cofactor molecules (including 
the plastoquinone molecules Qa and Qb) all of which are involved in charge separation 
and electron transfer reactions (Anderson & Chow 2002). Two other complexes, the 
cytochrome btf and ATP synthase complexes are also involved in the photosynthetic 
electron transport from FLO to NADP+ and generation of ATP (which requires 
4H+A4TP; Haraux & de Kouchkovsky 1998; Kramer et al. 1999). All four complexes 
are embedded within the chloroplast thylakoid membrane, which is arranged in stacks 
called ‘grana’. In addition, the two pools of mobile electron carriers (plastoquinone and 
plastocyanin) mediate electron transfer between PSII and cytochrome b(f, and, 
cytochrome b(f and PSI, respectively. Most PSII complexes are associated with the 
appressed regions of the thylakoid grana while PSI and ATP synthase are restricted to 
the unappressed regions. Cytochrome b(f is arrayed throughout both appressed and 
unappressed regions (see reviews by Andersson & Barber 1996; Cramer et al. 1996;
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Chitnis 2001; Goussias et cd. 2002 for further details). The light energy captured by 
each photosystem drives proton-coupled electron transfer reactions that ultimately 
produce O2, reduced NADP+ (NADPH) and ATP. Under illumination, excitation energy 
captured by the light-harvesting antennae is funneled into the PSII reaction center, 
where charge separation and electron transfer occur from P680 to the stable primary 
quinone acceptor QA. The electrons lost from P680 are immediately replenished by 
Tyrosine in the oxygen-evolving complex (OEC) that in turn accepts electrons donated 
by the Manganese (Mn) cluster in the OEC. Four electrons are donated by the Mn 
complex before electrons are stripped from water, in the process evolving O2 and 
depositing four protons into the thylakoid lumen. Meanwhile, QA reduces plastoquinone 
(Qb) twice until Qb“ takes two protons and diffuses to the intermediate cytochrome böf 
complex, transferring one electron via the Rieske iron-sulphur and cytochrome /  to 
plastocyanin (PC). In this process, two more protons/PQFU are deposited in the 
thylakoid lumen. The other electron reduces Cyt be and, after two turnovers, one PQFU 
is formed in a so-called Q-cycle (see Chow & Hope 2002). PC then diffuses through the 
lumen to the PSI complex, where it acts as the electron donor for oxidised P700 in the 
reaction center. Further excitation energy capture by the light harvesting antennae of 
PSI is required to oxidise P700 which donates an electron via a series of acceptors to 
ferredoxin-M4DP reductase, where the reduction and protonation of NADP 
[nadp+ + h + +2e~ — > nadph ] occurs. Meanwhile, the acidification of the lumen by the 
deposition of protons builds up a trans-thylakoid pH gradient (ApH) that provides the 
proton motive force (ptnf) required for photophosphorylation 
[ ADP + P, — > ATP + H.O]  via the ATP synthase complex. In the stroma, CO2 fixation
by the catalytic enzyme Rubisco, using the substrate ribulose-l,5-bisphosphate (RuBP), 
requires NADPH and ATP for the reduction of 3-phosphoglycerate to triose-phosphate. 
ATP is also used in the regeneration of RuBP.
Under optimal conditions, the majority of NADPH and ATP produced during 
photosynthetic electron transport is utilised by the photosynthetic carbon reduction 
cycle in the chloroplast stroma (see Scheme 1-1). In the process, the assimilated 
phosphorylated reduction intermediates from carboxylation are either (1) exported from 
the chloroplast organelle into the cytosol where the intermediates are used to synthesize 
end-products (e.g. sucrose, amino acids), (2) used in starch synthesis within the 
chloroplast or (3) recycled back to RuBP.
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Qb, secondary quinone acceptor; PQ and PQH2, plastoquinone and reduced plastoquinone; Cyt b6f, 
cytochrome b6f complex; PC, plastocyanin; PS1, photosystem 1 complex; P700, PS1 reaction center 
primary donor chlorophyll; A0, primary acceptor of PSI; Fe-S, Rieske iron-sulphur complex; FNR, 
ferredoxin-A^DP reductase; Fd, ferredoxin; ADP/ATP, adenosine diphosphate and triphosphate; 
TPT, triose-phosphate translocator complex; Pj, inorganic phosphate. Reproduced with permission 
from Prof. Donald Ort with partial alteration.
Approximately one in six reduction intermediates are recycled back to RuBP to 
maintain a high rate of CO2 fixation and the remaining fraction are preferentially 
exported from the chloroplast for sucrose biosynthesis. The small proportion of triose- 
phosphate exported from the chloroplast stroma to the cytosol exits via the triose- 
phosphate translocator complex (TPT) in exchange for inorganic phosphate (Pj). Triose 
phosphate is subsequently utilised by end-product synthesis where Pj is released then 
recycled back through TPT to the stroma where it is re-used in photophosphorylation 
(see Scheme 1-1).
Most mature leaves are net producers or ‘sources’ of carbohydrate and readily export 
sucrose excessive to the function of the leaf via phloem tissue to other parts of the plant 
that are net consumers or ‘sinks’ for carbohydrate. The exported carbohydrate is used in
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growth and reproduction and, in the case of woody perennials, can be stored in woody 
tissue. Carbohydrate can be in high demand during particular phenological stages of the 
plant such as spring growth flushes, flowering and fruit maturation. Photosynthesis is 
up-regulated or down-regulated according to these demands. A balance must be 
maintained between supply of carbohydrate from photosynthetic source leaves and the 
demand for carbohydrate from net sink tissues. The proposed short-term process that 
maintains this source:sink balance between photosynthesis and consumption is called 
‘feedback inhibition’ or ‘end-product limitation’. End-product limitation is a feedback 
mechanism where limited activity of end-product synthesis enzymes lead to an 
accumulation of phosphorylated intermediates that depletes the pool of inorganic 
phosphate (Pj) and ATP in the chloroplast (see section 4-1 for more detail). This results 
in a limitation of Triose-P export via the Triose-P! Pi translocator, an inhibition of ATP 
synthesis, RuBP regeneration and Rubisco deactivation (Leegood & Furbank 1986; 
Sharkey et al. 1986; Labate & Leegood 1988; Sharkey 1990; Roitsch 1999). If 
photosynthetic carbon metabolism can be regulated by end-product synthesis, then 
energy production from light harvesting in the photochemical light reactions must also 
be tightly controlled by carbon metabolism. This control is believed to occur through 
the limitation of A TP synthesis, which increases the thylakoid ApH and by the reduced 
availability of electron acceptors. This affects electron transport and light harvesting in 
a number of ways, including a restriction of intersystem electron transport and down 
regulation of the efficiency of light harvesting (see section 4-1 for more detail; Foyer et 
al. 1990; Paul & Foyer 2001).
Under stress conditions, where the utilization of the products of electron transport is 
restricted, plants must still cope with a large input of energy to the light-harvesting 
apparatus. In this scenario, the excess energy leads to damaging effects unless it is 
dissipated safely. Numerous strategies have evolved for harmless (but not necessarily 
useful) dissipation of absorbed light energy that are collectively called photoprotection. 
These strategies include:
1. Photochemistry, which is the dissipation of light energy through thylakoid 
electron transport. The electrons are consumed directly or indirectly by several 
processes that consume NADPH or reducing equivalents, including 
photosynthesis, photorespiration (Wingler et al. 2000; Ort & Baker 2002), the 
water-water cycle (Asada 1999), nitrate assimilation (Noctor & Foyer 1998) and 
sulfate assimilation (Leustek 1996).
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2. Thermal dissipation, the dissipation of absorbed light energy as heat via 
carotenoid- and ApH-mediated conformational changes in the light-harvesting 
antennae (Horton et al. 1996; Niyogi 1999; Müller et al. 2001). Often referred to 
as non-photochemical quenching (.NPQ) of chlorophyll fluorescence.
3. Chlorophyll a fluorescence, the dissipation of absorbed light energy by re­
emission as red light (Krause & Weis 1991 and references cited therein).
Since the above dissipatory processes are competitive, any variation in the rate of 
photochemistry and heat dissipation will elicit complementary changes in the yield of 
chlorophyll fluorescence (Schreiber et al. 1994). Thus, the introduction of portable 
pulse-modulated fluorometers has enabled non-intrusive assessment of photosynthetic 
electron transport in vivo, apparent and intrinsic quantum yield of PSII (Genty et al. 
1989; Bilger et al. 1995), the biochemical partial processes of photosynthesis and 
energy dissipation (von Caemmerer 2000; Schreiber et al. 1995), fluorescence lifetime 
distributions (Gilmore et al. 1998) and the partitioning of excitation energy between 
processes (Demmig-Adams et al. 1996) at any light intensity.
The rate of dissipation of light energy by photosynthetic carbon assimilation can only be 
directly and unambiguously measured in vivo using infrared-gas analysis (Long et al. 
1996). Current prediction and assessment of leaf gas exchange response to 
environmental variables are undertaken using photosynthesis models based upon the 
underlying biochemical processes of photosynthesis, particularly the kinetics of Rubisco 
carboxylation and oxygenation (Farquhar et al. 1980; Sharkey 1988; von Caemmerer 
2000 and references cited therein). The recent advent of concurrent gas exchange and 
chlorophyll fluorescence allowed an enormous suite of photosynthetic partial processes 
to be investigated using simple protocols of light, O2 , CO2 and temperature response 
(Laisk et al. 2002).
Under conditions of low incident irradiance, the majority of absorbed light is utilised in 
photochemistry and smaller fractions are lost as heat and fluorescence re-emission. 
However, at saturating light intensities, thermal dissipation can increase to greater than 
75% (Bolhär-Nordenkampf & Öquist 1993; Niyogi 1999). Sunlight, although 
fundamental to the process of photosynthesis, is inherently damaging at all irradiances 
and constitutes the great paradox of photosynthesis. PSII is the complex responsible for 
generating the strong oxidants able to oxidise water (Goussias et al. 2002) but is also
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highly susceptible to damage by these strong oxidants. Damage to the PSII reaction 
center leads to a loss of function. This loss of function is measured as a reduction in 
intrinsic light-use efficiency of PSII reaction center electron transport (the measured 
maximum being approximately 0.847; Björkman & Demmig 1987). It is estimated by 
the decrease in the ratio of variable to maximum fluorescence yield (FJFm> and is 
termed photoinactivation or photoinhibition (Osmond 1994). Photoinactivation of a 
PSII reaction center is an inevitable consequence of illumination and the loss of one 
active PSII occurs approximately every 10-10 photons (Anderson et al. 1998). 
Photoinactivation also obeys the law of reciprocity between irradiance and time under 
illumination in certain conditions (Chow 2001). When the capacity of the leaf to 
dissipate absorbed light harmlessly is exceeded by the gross rate of photoinactivation, 
then net photoinactivation occurs (Chow 2001). The addition of other enviromnental 
stresses such as low temperature (0-15°C) reduces the capacity to dissipate absorbed 
light even further, exacerbating the potential for light-induced damage (Huner et al. 
1998). Photoinactivation of PSII is thought to result from damage of the D1 protein 
within the PSII reaction center by reactive oxygen species and/or highly oxidising 
species, the most likely candidate being P680+ (Anderson et al. 1998; Andersson & Aro 
2001). Damage of D1 leads to the loss of PSII function and recovery is a relatively slow 
phenomenon (minutes to hours) requiring low light. During recovery from 
photoinactivation, the inactive PSII complex diffuses from the appressed regions of the 
thylakoid granal stack to the un-appressed regions where damaged D1 protein is 
degraded by proteolytic enzymes. A newly synthesised precursor D1 protein is then re­
inserted into the PSII reaction center and processed, whereupon the newly functional 
PSII diffuses to the appressed regions of the granal stack. Thus, if the capacity for repair 
of photoinactivated PSII is higher than the ‘gross’ rate of photoinactivation, ‘net’ 
photoinactivation of the photosynthetic apparatus is avoided.
Plants that can avoid net photoinactivation and maintain high quantum efficiency under 
excessive irradiance, either by maintaining a low gross rate of photoinactivation or a 
low net rate of photoinactivation of PSII, will therefore have a selective advantage. 
Most plants in native habitats and many crop species are able to avoid chronic 
photoinactivation even under extreme environmental conditions (Ort 2001). However, 
chilling temperatures common to temperate climates can severely limit photosynthesis 
and productivity in plants that have a tropical or sub-tropical evolutionary history 
(Berry & Björkman 1980; Kratsch & Wise 2000). Grapevine leaves are known to be
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extremely resilient to net photoinactivation under a range of environmental stresses, 
including low temperature (Gamon & Pearcy 1990; Chaumont et al. 1997; Flexas et al. 
1999). The process or processes conferring this resilience at high light and low 
temperature have not yet been identified.
Although the response may not be as severe as in chilling sensitive plants, growth and 
photosynthesis of chilling tolerant crop species can also be limited by low temperature 
(Wolfe 1991). Cool climate grown grapevines are frequently exposed to chilling 
temperatures well below 20°C (Gladstones 1992; Jackson & Schuster 1997). Previous 
studies have demonstrated that grapevine photosynthesis and growth are well correlated 
and that growth and fruiting yields are significantly reduced with large decreases in 
temperature (Woodham & Alexander 1966; Buttrose 1969; Buttrose 1970; Ferrini et al. 
1995; Miller et al. 1997). However, Grace (1988) suggests that under temperature- 
limiting conditions, even a 1°C increase in temperature can increase plant productivity 
by approximately 10%. Therefore, study of the potential impact of small, consistent 
microclimatic variation in temperature may provide insight into the impact of 
photosynthesis and net photoinactivation on carbon accumulation and growth.
Chilling temperatures can limit photosynthesis by stomatal and non-stomatal processes 
including stomatal closure, inhibition of thylakoid electron transport and 
photophosphorylation, inhibition of key enzymes in sucrose and starch biosynthesis, 
Rubisco inactivation and limitation of sink strength and phloem loading (see Scheme 1 - 
2; Allen & Ort 2001; Paul & Foyer 2001). Recent studies have claimed that 
photosynthetic capacity is reduced for both non-acclimated and acclimated grapevines 
subsequent to and during low temperature treatment (Bald et al. 1987; Chaumont et al. 
1995; Chaumont et al. 1997; Flexas et al. 1999). However, none of these studies 
demonstrated a mechanism for the chilling-induced reduction of photosynthesis. 
Stomatal conductance has been shown to decline dramatically after chilling treatment of 
grapevine (Flexas et al. 1999). The lack of sustained photoinactivation and reduction of 
light and C02-saturated photosynthesis after chilling treatment also suggests a non- 
stomatal regulation of photosynthetic capacity (Chaumont et al. 1995; Flexas et al. 
1999).
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Scheme 1-2. The primary effects of low temperature on the photosynthetic processes of warm- 
acclimated and warm-adapted plants according to Allen & Ort (2001) TIPS 6, 36-42. The primary 
effects of both chilling in the dark (dark blue scissors) and chilling in the light (light blue scissors) 
are represented. Rubisco, ribulose-l,5-bisphosphate carboxylase/oxygenase; RuBP, ribulose-1,5- 
bisphosphate, FBPase, chloroplastic fructose-1,6-biphosphatase; SBPase, sedoheptulose-1,7- 
bisphosphatase; V, violaxanthin; Z, zeaxanthin; PSII/PSI, photosystem II and I reaction centers, 
respectively; ADP/ATP, adenosine diphosphate and triphosphate, respectively; H+, proton; Pt, 
inorganic phosphate; ATP synthase, chloroplast ATP synthase complex; b6f, cytochrome b6f 
complex; NADP/NADPH oxidised and reduced nicotinamide adenine nucleotide diphosphate; SPS, 
sucrose phosphate synthase. For a more complete review of the impact of low temperatures on 
stomatal, cytosolic and thylakoidal processes, refer to Chapters 3, 4 and 5. Figure reproduced with 
permission by Prof. D.R. Ort.
These non-stomatal or biochemical limitations could include the impairment of Rubisco 
activity by thermodynamic constraints and de-carbamylation by Rubisco activase, 
and/or limited RuBP regeneration (Leegood & Edwards 1996). The regeneration of 
RuBP reflects either the rate at which light-harvesting and electron transport produce 
ATP, the activity of stromal bisphosphatases and NADPH or the rate at which end- 
product synthesis consumes triose-phosphates and regenerates inorganic phosphate for 
photophosphorylation (Sharkey 1990; See Scheme 1-2).
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End-product limitation of photosynthesis at low temperature is caused by sequestration 
of Pj in phosphorylated intermediates of end-product synthesis (starch, sucrose, organic 
acid). End-product limitation is believed to be caused by a build up of assimilates in the 
leaf due to reduced sink strength (Neales & Incoll 1968; Krapp et al. 1991). Since at 
least 1929, low temperatures have been known to restrict phloem loading and 
metabolite transfer (Curtis 1929 in Wardlaw 1979). This response has inter-specific and 
intra-specific variation depending upon growth conditions and the level of cold 
acclimation (Wardlaw 1979), however, a mechanism for this response has only recently 
been proposed. It has been argued that symplasmic phloem loading species are 
inherently more temperature sensitive than apoplasmic loaders because of chilling- 
induced restriction of phloem loading by plasmodesmatal pore closure (Gamalei et al. 
1994; Sowinski et al. 2001). Grapevines have minor leaf vein structure consistent with 
symplasmic phloem loading, i.e. loading carbohydrates via plasmodesmata (Gamalei 
1991).
The suggestion that limited phloem loading could feed back onto sucrose synthesis 
causing end-product limitation of photosynthesis is an interesting hypothesis. However, 
it must be emphasized that the direct mechanism between leaf sucrose concentration 
and end-product limitation of photosynthesis has not yet been identified (Paul & Pellny 
2001). The advantages of feedback regulation of photosynthesis by sink strength are 
two-fold. Feedback regulation of photosynthesis would allow the maintenance of a 
balance between source and sink activity and allows an alteration of carbon allocation 
as required. This implies that end-product limitation of photosynthesis is as much 
‘regulation’ as it is a simple reaction. Due to the highly integrated nature of 
photosynthetic metabolism, many changes in enzyme activities and metabolite 
concentrations that occur are likely to be indirect changes rather than primary events. 
Change in a single parameter does not necessarily determine the response of the overall 
system (Stitt 1996). Thus, until the connection between sink regulation and end-product 
limitation of photosynthesis can be characterized, sink regulation remains a highly 
correlated but unsupported hypothesis.
Regardless of the initial site of cold sensitivity, in the short-term, regulation of 
photosynthesis is thought to be dependent upon the utilisation of triose phosphate in 
end-product synthesis (Paul & Foyer 2001). Long-term changes require the regulation
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of photosynthetic gene expression (Huner et al. 1996; Pfannschmidt et al. 1999), 
however, these processes are not investigated in this thesis. Cold acclimation can be 
driven by an energy imbalance between photochemistry and carbon metabolism and is 
evidenced by an increase in net photosynthesis at growth temperature and a shift in the 
temperature optimum for photosynthesis (Berry & Björkman 1980; Huner et al. 1996). 
However, even field-grown, low temperature-acclimated plants, of both native and 
introduced species, that experience wide diurnal fluctuations in temperature exhibit 0 2 
insensitivity (an indicator of end-product limitation of photosynthesis) at temperatures 
below optimum (Sage & Sharkey 1987; Leegood & Edwards 1996). Therefore, 
assuming that the hypothesis of Pi limitation explaining 02-insensitivity is correct, 
chilling-induced end-product limitation can occur in both acclimated and non- 
acclimated plants and may play a role in daily carbon gain. Although plants are able to 
acclimatize to low growth temperatures, this is likely to occur because temperature 
optima for leaf photosynthesis do not often shift to the lowest growth temperatures since 
this shift would require an exceptionally large investment in leaf protein for only a 
small gain in photosynthetic rate (Grace 1988; Leegood & Edwards 1996). Thus, 
acclimation to low growth temperatures may not necessarily increase photosynthetic 
rate at the lowest temperatures but may instead increase photosynthetic rate over a range 
of low temperatures.
i .2 Research Objectives
The general aims of this research project were (1) to examine the degree of low 
temperature-sensitivity of photosynthesis in cold-acclimated grapevines at the field sites 
chosen for this study and to examine whether low temperature impacted on the growth 
of these grapevines, (2) if chilling sensitivity was observed, to investigate the possible 
partial processes limiting photosynthesis at low temperatures and high light, including 
stomatal closure (2a) and biochemical limitations (2b), and (3) to quantify the role of 
net photoinactivation of PSII in low temperature-limited grapevine photosynthesis and 
to determine the contribution of alternative energy dissipation mechanisms to 
photoprotection. These research objectives are addressed in order by the following four 
chapters, using a combination of field and laboratory approaches including leaf gas 
exchange, chlorophyll fluorescence and biochemical tissue analysis.
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Chapter 2 Low temperature effects on
photosynthesis and growth of 
grapevine
2.1 Introduction
Chilling temperatures (0-15°C) can often limit growth, development and reproduction of 
plants, particularly those species with a sub-tropical or tropical evolutionary history 
(Berry & Björkman 1980). Grapevines, often grown in cool climates for premium 
quality wine production, are frequently exposed to chilling temperatures well below 
20°C (Gladstones 1992). Growth cabinet studies have shown that grape shoot and root 
growth and fruiting yields are significantly reduced with large decreases in temperature 
(Woodham & Alexander 1966; Buttrose 1969; Buttrose 1970). However, none of these 
studies evaluated the influence of relatively small perturbations in temperature or large 
diurnal fluctuations imposed on acclimated field-grown vine growth. Grace (1988) 
states that, in the absence of other limiting factors, a 1°C increase in temperature can 
increase plant productivity by approximately 10%. More recent studies have claimed 
that both non-acclimated and acclimated grapevines are sensitive to chilling 
temperatures but these investigations focused principally on the chilling sensitivity of 
photosynthesis per se (Bälö et al. 1987; Chaumont et al. 1995; Chaumont et al. 1997; 
Flexas et al. 1999). The correlation between temperature and productivity is 
strengthened as the altitudinal and latitudinal temperature limits of a species are 
approached (Grace 1988). Therefore, a study of the effect of small temperature 
differences on photosynthesis and growth would be especially pertinent where 
grapevines are grown in cool climates close to their temperature limit and where 
marginal increases in temperature may accumulate over thermal time to produce large 
improvements in growth. Recent studies have demonstrated a linear relationship 
between photosynthetic capacity and plant growth, measured as the accumulation of dry 
weight over time in potted grapevines (Ferrini et al. 1995; Miller et al. 1997). Whole 
canopy photosynthesis was directly correlated with total dry mass accumulation of 
potted Chambourcin grapevines (Miller et al. 1997) and a study by Ferrini et al. (1995) 
showed that the relationship between photosynthetic capacity and total dry mass 
accumulation was linear and that total shoot length mirrored the accumulation of total 
dry mass. In this latter study, grapevines treated at below optimum temperature (20°C) 
exhibited reduced photosynthetic capacity and a subsequent reduction in carbon gain 
and growth (Ferrini et al. 1995).
Chapter 2. Grapevine Photosynthesis and Growth at Low Temperature 13
Analysis of the response of grapevine leaf photosynthesis to low temperatures may 
therefore provide an important insight into grapevine growth responses to chilling. 
Chilling temperatures can limit photosynthesis by stomatal and non-stomatal processes 
including stomatal closure, inhibition of thylakoid electron transport and 
photophosphorylation, inhibition of key enzymes in sucrose and starch biosynthesis, 
Rubisco inactivation and limitation of sink strength and phloem loading (see Scheme 1 - 
2; Allen & Ort 2001; Paul & Foyer 2001). Photosynthesis modeling has been used to 
demonstrate end-product limitation of photosynthesis in grapevines under both drought 
and warm conditions with ambient or high CCL partial pressures (Quereix et al. 2001; 
Maroco et al. 2002). However, end-product limitation of grapevine photosynthesis has 
not been investigated under low temperature conditions.
Large cool climate vineyards often consist of genetically identical vines (vegetatively 
cloned from cuttings of the same source vine) that are planted on slopes to allow 
overnight cold air drainage (Jackson & Schuster 1997). These grapevines are often 
planted in rows oriented in a north-south direction to achieve similar exposure of the 
east and west facing vine canopy to full sunlight. This allows equal fruit maturation 
times (Jackson & Schuster 1997). The implications of north-south orientation on 
grapevine photosynthesis and growth have not been widely studied. A vineyard with all 
of these properties is ideal for studying the biological effects of small differences in 
temperature between two vineyard microsites without any genotypic variation in 
response. A north-south orientation also provides further information on the relative 
photosynthetic contribution of the east and west facing canopy halves that experience 
peak irradiance at different times of the day, the morning and afternoon, respectively.
To my knowledge, this study is the first investigation of the potential impact of 
transient, chilling-induced reductions of photosynthesis on the growth of field- 
acclimated grapevines. The aim of the study was to investigate possible interactions 
between marginal microclimatic variation in minimum temperature and large, early 
season diurnal variation in temperature range and the consequences of these interactions 
on growth and photosynthetic carbon gain of cool climate field-grown vines. Studies of 
glasshouse grown vines were also carried out to elucidate the possible causal 
mechanisms underpinning any effect of low temperature on photosynthesis. Two cool 
climate grapevine varieties, Riesling and Pinot Noir, were chosen for analysis. Pinot
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Noir is often grown in cooler climates than Riesling because of its ability to ripen fruit 
faster under lower temperature regimes (Gladstones 1992). The secondary aim of the 
study was to determine if the photosynthetic and growth response to low temperature 
differed between these two grapevine varieties.
2.2 M aterials and M ethods
2.2.1 Field-grown plant material
Photosynthesis and growth of Vitis vinifera L. cvs. Pinot Noir and Riesling were studied 
at two vineyards in New South Wales, Australia. The Riesling variety was studied near 
Canberra (35° T S; 149° 2' E; Alt. 650 m) and the Pinot Noir variety was studied near 
Tumbarumba (35° 56' S; 148° E; Alt. 740 m). The spur-pruned grapevines at both sites 
were planted in rows oriented north-south on 10° slopes so that the eastern and western 
halves of the canopy were exposed to direct sunlight in the morning and afternoon, 
respectively. The Riesling vineyard was planted on a north-west facing slope and the 
Pinot Noir vineyard was planted on an east facing slope. Two sub-populations of vines 
within each vineyard were chosen at random and were called the upper and lower 
microsites with respect to their position on the slope. The upper microsites were 12 and 
15 m higher in elevation than the lower microsites for the Riesling and Pinot Noir 
vineyards, respectively. At both sites, five vines at both the upper and lower sites were 
allocated to a randomized block design for study. For each vine, a pair of exposed east 
and west facing shoots was selected at equal distances from the trunk of the vine. 
Preliminary leaf, leaf petiole and soil nutrient analysis at the beginning and end of the 
two growing periods showed no significant difference between the upper and lower 
sites at either vineyard.
Long-term climate data for air temperature, relative humidity, rainfall and rain days 
were obtained from the Tumbarumba and Canberra Bureau of Meteorology weather 
stations (Australian Bureau of Meteorology, 2001; Appendix Figure 1). The long-term 
climatic data for both vineyard sites showed that mean maximum air temperatures were 
mild, between 10-30°C, and that mean minimum air temperatures fell below 10°C for 
the majority of the year (App. Fig. 1A & B). The Canberra region was marginally 
warmer, however, with a two-fold greater number of months with minima above 10°C
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and with minimum temperatures several degrees higher throughout the grapevine 
growing season (October to May). Mean daily 9 am air temperature was consistently 
lower than mean daily 3 pm temperature for both regions (App. Fig. 1A & B) and both 
regions attained a similar mean 9 am temperature. Mean daily 3 pm and maximum 
temperatures were comparatively higher for the Tumbarumba region during January and 
February only. It is not surprising that mid-afternoon (3 pm) air temperature is very 
similar to the daily maximum (App. Fig. 1A & B). Mid-morning (9 am) air 
temperatures showed that the air temperature increased rapidly during the early morning 
from the minimum temperature (App. Fig. 1A & B). Mean relative humidity was high 
throughout the year (40-90%) and during the day, relative humidity was higher in the 
morning (9 am) than in the afternoon (3 pm; App. Fig. IE & F). The 3 pm relative 
humidity was similar between the two regions and 9 am relative humidity was up to 7% 
higher in the Tumbarumba region throughout the growing season. Both sites had 
warmer and drier afternoon periods (App. Fig. 1 A, B, C, D). The mean annual rainfall 
of 986 mm at Tumbarumba occurred predominantly in the winter months (May to 
October). Mean annual rainfall (632 mm) was lower in the Canberra region and was 
more evenly distributed throughout the year (App. Fig 1C & D). Field-grown 
grapevines, measured throughout the early growth season in this study, did not 
experience any apparent water stress at the Tumbarumba or Canberra field sites due to 
the high rainfall at the Pinot Noir vineyard and the supplemental watering at the 
Riesling vineyard (10-12 L per vine per day as required).
2.2.2 Glasshouse plant material
Grapevines (Vitis vinifera L. cv. Riesling) were grown in 10 L pots in an ambient 
irradiance (maximum daily PAR = 1600 prnol quanta m'2 s'1), temperature controlled 
(30°C/20°C day/night cycle) glasshouse at the Research School of Biological Sciences, 
Australian National University, Canberra, Australia. Vines were watered to field 
capacity daily and given complete, slow release fertilizer.
2.2.3 Field measurements of growth, irradiance and temperature
Relative growth of vines was measured as total shoot length for the vines growing in the 
upper and lower microsites of both vineyards. Measurements were regularly undertaken 
from shortly after budburst in early October (mid-spring) to mid-January (mid-summer).
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This encompassed the early part of the growth season. Field measurements were 
undertaken during the 2000/2001 and 2001/2002 growing seasons for the Riesling and 
the Pinot Noir vineyards, respectively.
Air and soil temperature at both upper and lower microsites were measured with 
thermistors (Tiny talk, Gemini Data loggers, UK) and recorded every 15 minutes with a 
data logger from the 1st August 2000 to the 31st January 2001 and the 1st August 2001 to 
the 17th January 2002 for the Riesling and Pinot Noir vineyards, respectively. 
Thermistor probes (6 cm long, 3.3 mm diameter) were placed just above the canopy to 
measure air temperature and were covered with a Styrofoam cup to prevent heating due 
to direct exposure to radiation. Soil thermistor probes (12 cm long, 3.3 mm diameter) 
were embedded vertically into the soil surface and watered in to ensure full contact. 
Cumulative air temperature was calculated according to the following simple equation:
HDD =  X  [{Maxima)+ (Minima)} (Equation M)>
0—n
where HDD is Heat Degree Day accumulation in °C day, n is the number of days, 
Maxima are the mean daily maximum air temperatures in °C and Minima are the mean 
daily minimum air temperatures in °C.
Mean daily minimum and maximum air and soil temperatures for the upper and lower 
microsites at both Pinot Noir and Riesling vineyards are shown from October to January 
(Fig. 2-1). All mean daily air and soil temperatures at both the Pinot Noir and the 
Riesling vineyard sites were affected by the time o f year (p < 0.001) but were 
independent o f microsite by time interactions. In general, air and soil temperature 
maxima and minima increased as expected as the season progressed from spring to 
summer at both vineyards (Fig. 2-1). Mean daily minimum air temperatures at the Pinot 
Noir vineyard were the exception, showing a decline in January 2002. This may have 
been an artefact of reduced sampling (17 days) in January 2002.
At the Pinot Noir vineyard, the only temperature difference between the upper and 
lower sites was the mean daily minimum air temperature (p <0.001). The upper site
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was, on average, 2.9 ± 0.2°C higher than the lower site (Fig. 2-1A & C). This trend was 
consistent for each month measured.
At the Riesling vineyard during the early 2000/2001 season, mean daily minimum air 
temperature at the upper microsite was 0.8 ± 0.2°C higher (p < 0.05) than the lower 
microsite, however, this difference was sometimes as large as 2.5°C (Fig. 2-IB). This 
was due to overnight cold air drainage down the slopes of both vineyards. During the 
day, when air was well circulated, there was no difference between microsites for 
maximum air temperature except during January when the upper microsite was 2.5 ± 
0.3°C higher than the lower site (Fig. 2-IB). Minimum soil temperatures did not differ 
between microsites during the early growth period for the Riesling vineyard (Fig. 2- 
1D). Although maximum soil temperatures were 0.6 ± 0.1 °C higher for the upper 
microsite (p < 0.05), this difference did not accumulate to the same extent as air 
temperature.
On four separate days of little to no cloud cover, when photosynthetic parameters were 
measured, diurnal photosynthetically active radiation (PAR) incident to the leaf was also 
measured using a hand-held quantum sensor (LI-190 SA quantum sensor, LI-COR, 
Lincoln, NE, USA) pointed in a direction perpendicular to the leaf surface.
2.2.4 Measurement of photosynthetic parameters in the field and in the 
laboratory
2.2.4.1 Infra-red gas analysis
In all laboratory and field measurements of photosynthesis, the youngest, fully 
expanded leaves from the exposed outer layer of the canopy were used. Gas-exchange 
parameters were calculated as described by von Caemmerer & Farquhar (1981).
In the field, leaf photosynthetic parameters were measured every two hours during the 
day using a portable, open circuit, infrared gas analysis system (LI-6400, LI-COR, 
Lincoln NE, USA). Artificial illumination was supplied to the leaf from a red-blue LED 
light source attached to the sensor head. The irradiance was set according to diurnal 
measurements of incident PAR with the hand-held quantum sensor described above.
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Figure 2-1. Mean daily minimum (□ , •) and maximum (□, □ )  air, Tair, (A, B) and soil, TsM, (C, D) 
temperatures for the upper (• , □ )  and lower (□ , □) microsites plotted against month of year for the 
Pinot Noir field site (A, C; 740 m) and the Riesling field site (B, D; 650 m). Data represents the 
early growth period from October to January in 2001/2002 and 2000/2001 for the Pinot Noir and 
Riesling sites, respectively. Each point is the mean ±SE  of 17-31 measurements.
In the laboratory, photosynthetic gas exchange measurements were made using an open 
circuit, temperature-controlled, infrared gas exchange system. Leaves were placed in a 
43 x 43 x 3 mm chamber, and the upper surface sealed with starch paste to a 
thermostatted glass window to facilitate heat exchange between the water bath and the 
leaf. Leaf gas exchange was unperturbed since grapevine leaves are hypostomatous. The 
leaf chamber was uniformly illuminated from a perpendicular fiber-optic light guide 
connected to halogen lamps (Schott KL 1500) and a chlorophyll fluorometer {PAM 101,
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H. Walz, Effeltrich, Germany). Sample and reference gas mixtures of CO2, O2 and H2O 
vapour (Net N2) were measured using an infrared gas analyzer (LI-6262, LICOR, 
Lincoln, NE, USA) and an Ametek S-3a CL analyzer (Ametek, Paoli, PA, USA). Refer 
to Laisk and Oja (1998) for a detailed system description. Simultaneous measurements 
of CO2 and LLO vapour flux, air (Tan) and leaf (7jeaf) temperature allowed calculation of 
leaf carbon assimilation (A), stomatal conductance (gs), transpiration (E), intercellular 
CO2 partial pressure (Cj), and leaf to air vapour pressure difference calculated from 7jeaf 
(vpdL).
2.2.4.2 Leaf chlorophyll fluorescence
During both laboratory and field experiments, leaf chlorophyll fluorescence parameters 
were also measured and calculated according to Genty et al. (1989) and Bilger et al. 
(1995) following the nomenclature of van Kooten & Snell (1990). During field
measurements, the intrinsic quantum efficiency of PSII photochemistry [ K _ F, ~ F .
K F
where Fm is the maximal chlorophyll fluorescence yield and F0 the minimum 
chlorophyll fluorescence yield in the dark-acclimated state] was measured at two-hour 
intervals. FJFm was derived from fluorescence measurements on attached leaves after 
30 min of dark acclimation with leaf clips, using a portable chlorophyll fluorometer 
(Plant Efficiency Analyser, Hansatech, King’s Lynn, Norfolk, UK).
In laboratory experiments a pulse-amplitude modulated chlorophyll fluorometer 
(PAM 101 or PAM2000, Walz-Effeltrich, Germany) was used to determine (1) the 
intrinsic quantum efficiency of open PSII reaction centers under irradiance
[ oL ^  PSII where Fm' is the maximal chlorophyll fluorescence yield during F 'm
illumination and Fs is the steady state light-acclimated fluorescence yield], (2) the linear
f
electron (e ) transport rate through photosystem II [JPSIl=(l--- - ) x 0.5xPARx0.85 ;
F '
where 0.5 is the assumed proportion of absorbed quanta used by PSII reaction centers 
(Melis et al. 1987) although this number can be anywhere between 0.45 and 0.6 (Laisk 
& Loreto 1996), PAR is the incident irradiance and 0.85 is the assumed absorptance of 
grapevine leaves (Schultz 1996)] and (3) the level of non-photochemical quenching
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[ NpQ _ Sjtl _ i ]. Leaf chlorophyll fluorescence was measured simultaneously with leaf
gas exchange on the same area of leaf.
2.2.5 Photosynthetic irradiance response at low temperature
Using the laboratory based system described above, Riesling leaves were illuminated at 
a PAR of 800 pmol quanta m'2 s'1 at 25°C until a steady state rate of net CO2 fixation 
and fluorescence yield was reached at 360 pbar CO2 and 210 mbar O2 in N2 (—60 min). 
Irradiance was then changed in step-wise increments of varying magnitude from 2000 to 
0 pmol quanta m‘~ s‘ and measurements were made once the leaf attained a steady net 
CO2 fixation rate and fluorescence yield (approximately after 20 min). The response of 
grape leaf net CO2 fixation to irradiance was determined at 25°C and 10°C.
2.2.6 Photosynthetic CO2 response at low temperature
Measurements were undertaken as for the photosynthetic irradiance response curves 
with the exception that once steady state was attained, ambient CO2 partial pressure in 
the leaf chamber (Ca) was lowered in step-wise increments of varying magnitude from 
350 pbar down to 0 pbar and then increased up to 2000 pbar. The response of Riesling 
grape leaf net CO2 fixation to intercellular CO2 partial pressure was undertaken at 25°C, 
20°C, 15°C, 10°C and 5°C. From these response curves, the limitation to net CO2 
fixation caused by reduced stomatal conductance was estimated by calculating relative 
stomatal limitation (RSL) using the equation:
RSL =
A - A^GISO ■'1Gj350 x 100%
lG350
(Equation 2-2),
where, ;4ci35o and ^ca35o are the rates of net CO2 fixation at C\ -  350 pbar and Ca = 350 
pbar, respectively.
2.2.7 Statistical analysis
Field data were organized into a randomized block design and grapevines were assigned 
randomly for the upper and lower sites. The results were evaluated using restricted 
maximum likelihood (REML) variance components analysis, which takes into account
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covariance, and were calculated using Genstat 4.2 (5th Edition, VSN International, 
Oxford, UK). Growth measurements were analysed as a function of cumulative 
temperature and a log transformation was used to smooth curvilinearity in order to 
perform multiple linear regression. Analysis of variance (ANOVÄ) or REML using 
either Origin 6.1 (Microcal Software, Northhampton, MA, USA) or Genstat 4.2 were 
used to evaluate variation between treatments for photosynthesis measurements. 
Variance of the mean of several replicates was expressed as standard error (SE). 
Significance probability (p) values and/or R“ values are given and results were 
significantly different atp< 0.05.
2.3 Results
2.3.1 Photosynthesis of field grown vines in response to microclimate
The diurnal change in photosynthetic and microclimatic parameters on a typical clear 
day showed similar trends for photosynthetic CCb fixation (Fig. 2-2A) and incident 
irradiance (Fig. 2-2H) for mature, exposed leaves of both east and west aspects at the 
upper and lower microsites for Pinot Noir leaves at the Tumbarumba vineyard. 
Maximum net photosynthesis (/l) of east facing leaves occurred during the morning 
period and was 17% higher at the upper microsite than at the lower microsite even 
though PAR and vpdL were very similar (Fig. 2-2A, E & H). However, very early 
morning photosynthetic rates were almost three-fold higher {p -  0.011) at the upper 
microsite in these leaves compared to the lower microsite, without differences in PAR 
and vpdL (Fig. 2-2A, E & H). Maximum A for the west facing halves of the canopy at 
both upper and lower microsites were similar to the maximum A of the lower microsite 
east facing leaves and to each other (p > 0.202; Fig. 2-2A).
Stomatal conductance (gs) shows the same trend as carbon assimilation where gs is 
maximal in the morning and up to 7-fold higher for upper microsite east facing leaves 
compared to the lower microsite (Fig. 2-2B). West facing leaf gs values are similar for 
upper and lower microsites throughout the day with a maximum of 0.26 ± 0.05 mmol 
H2 O m'2 s'1 and 0.27 ± 0.02 mmol H2 O m'2 s'1 in the afternoon irradiance period at both 
the upper and lower microsites, respectively (Fig. 2-2B). Predawn (5 am) measurements 
of gs and leaf transpiration (E) are not shown due to interference from condensation on
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the leaves. Interestingly, the reduced gs of lower microsite east facing leaves was not a 
response to a higher vapour pressure difference (vpdL; Fig 2-2E) between the 
intercellular air and the atmosphere. Although vpdL did increase throughout the day, 
there were very small differences between upper and lower microsite vpdL during the 
morning period when east facing A, and gs differed.
Leaf intercellular CO2 partial pressure (Ci) declined sharply under post dawn 
illumination to values between 144 -  269 pbar CO2 (Fig. 2-2C). C\ of west facing leaves 
at both microsites followed a similar trend throughout the course of the day. During the 
morning peak irradiance period for the east facing leaves, the reduction in net A for the 
lower microsite was associated with a reduction in gs but not with a reduction in Cj (Fig. 
2-2A, B & C). The exception to this generalization was in the early morning 6 am 
measurements where the average C, of the lower microsite leaves of 171 ± 7  pbar were 
significantly lower than the upper microsite at 233 ± 1 pbar. By 8:15 am, however, the 
Ci values were similar for both the upper and lower microsites (Fig 2-2C).
Peak leaf transpiration for both canopy aspects was higher for west facing leaves at both 
upper and lower microsites and was associated with an increase in vpdL throughout the 
day (Fig, 2-2D & E). Upper microsite E was consistently higher than the lower 
microsite during peak irradiance periods in the morning and the afternoon (Fig. 2-2D). 
In the morning the higher upper microsite E was associated with a higher gs and similar 
vpdL. In contrast, the higher afternoon west facing E was associated with similar gs but 
higher vpdL (Fig. 2-2B, D & E).
Mean predawn temperatures for the upper and lower microsite east-facing leaves were 
7.3 ± 0.2°C and 3.6 ± 0.1 °C, respectively (Fig. 2-2F), a difference of 3.7°C that is 
greater than the average daily minimum difference (Fig. 2-IB). This temperature 
difference was maintained throughout the early morning period when conditions were at 
or below 20°C (4.0°C at 6:30 am) and began to decline later in the day as irradiance 
declined (Fig. 2-2F and H). West facing predawn 71eaf values for the upper and lower 
microsites were 7.7 ± 0.1 °C and 3.6 ± 0.1 °C, respectively (Fig. 2-2F). This 4.1°C 
difference also declined during the morning period indicating a general warming of air 
temperature consistent with Figure 2-1 data and by the afternoon peak irradiance period,
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west facing upper and low er T\eaf, were similar. Afternoon T\eaf for both sites reached a 
higher peak at saturating irradiance than the respective east facing canopy halves in the 
morning and afternoon 7ieaf remained well above 27°C throughout this period (Fig. 2- 
2F).
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Figure 2-2. Photosynthetic and environmental parameters for the upper (□ ,□ )  and lower ( □ , • )  site, 
east (□ ,□ )  and west ( □ , • )  facing mature Pinot Noir grapevine leaves plotted against time on the 
19th of December 2001 for photosynthetic carbon Fixation, A (A), stomata! conductance, gs (B), 
intercellular C 0 2 partial pressure, C, (C), transpiration, E  (D), vapour pressure difference 
calculated from leaf temperature, vpdL (E), leaf temperature, 7 ^  (F), intrinsic light use efficiency, 
F J F m (G) and incident light intensity, PAR (H). Predawn values of gs and E  are not presented due 
to condensation on the leaves. Each point is the mean ± S E  of 3-4 leaves.
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Despite the differences in temperature and vine photosynthetic rate between the 
microsites, there was no difference in intrinsic photochemical efficiency of PSII 
(estimated by FJFm) between upper and lower microsite leaves throughout the 
photoperiod (Fig. 2-2G). In fact, FJFm changed very little throughout the first half of 
the photoperiod at either microsite, indicating that very little chilling-induced 
photoinhibition took place. Predawn mean FJFm values were, however, lower (0.75- 
0.81) than values at the end of the day (0.85-0.89) when temperatures were warmer. 
During the morning period east facing leaf FJFm was only marginally reduced 
corresponding to the period of high irradiance (Fig. 2-2H) but steadily recovered 
throughout the day (Fig. 2-2G). The maximum reduction of FJFm corresponded, in fact, 
with peak irradiance rather than low temperature and was greater for the warmer, west 
facing leaves than the east facing leaves (p = 0.01). The depression in FJFm showed 
rapid recovery throughout the afternoon for both east and west facing leaves and the rate 
of recovery was faster for the west facing leaves during late afternoon towards dusk 
(approximately within 4 hours) than in east facing leaves over almost 10 hours of 
daylight (Fig. 2-2G).
In summary, for the Pinot leaves at the Tumbarumba vineyard, the west facing leaves 
showed no microsite-specific differences while the east facing leaf net CO2 fixation was 
reduced in the early morning for the lower site. This reduction in lower site A is 
associated with significantly lower gs, C\ and 7 i e a f  but not with differences in I a, vpdL or 
FJFm. Similar diurnal measurements were carried out with Riesling vines at the 
Canberra vineyard (Fig. 2-3). Data for Riesling at the Canberra vineyard were 
qualitatively similar to Pinot Noir, although the temperature difference was smaller 
between upper and lower sites (1.0-1.5°C) and the differences in photosynthesis 
between the sites were correspondingly smaller (Fig. 2-3). In the early and late morning 
period, photosynthesis was 25% and 22% higher, respectively, for the upper east facing 
leaves (Fig. 2-3A). Despite large differences in gs, E and vpdL the reduction in 
photosynthetic rate was associated with only a marginal difference in Ci, suggesting 
only a small stomatal component in the low temperature effect. Intrinsic quantum 
efficiency of PSII photochemistry, FJFm, from a similar day also exhibited no variation 
between upper and lower site vine leaves (Fig. 2-3G) indicating little or no effect of 
chilling-induced photoinhibition on the photosynthetic behaviour at the two sites.
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The Pinot Noir and Riesling field data from Figures 2-2, 2-3 and field measurements 
made on other days are synthesized as plots of photosynthesis against incident 
irradiance for both varieties (Fig. 2-4). Such a treatment yields a graphical 
representation more similar to classic irradiance response curves for photosynthesis 
commonly generated for lab-based experiments. For the east-facing canopy of both 
varieties, a reduction in the mean maximum photosynthetic rate above 750 pmol quanta 
m'~ s' is observed, as described by the fitted regression lines (Fig. 2-4A & C). The 
fitted regressions exhibit a 16% and 12% reduction in light-saturated rates of carbon 
assimilation, AsaU for the lower microsite leaves of both Pinot Noir and Riesling 
varieties, respectively (Fig. 2-4A & C). Significantly, for Pinot Noir in particular, the 
regression of photosynthetic rate against light intensity for the east facing leaves of the 
cooler microsite falls significantly below that for the warmer, upper site. For west 
facing leaves, the photosynthetic rates for both varieties fall on the same regression at 
all light intensities, with little scatter in data points, regardless of microsite (Fig. 2-4B & 
D). This is presumably because leaf temperatures for the west facing canopy are always 
at or above the optimum range for photosynthesis (approximately 25-28°C according to 
Kriedemann 1968).
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Figure 2-3. Photosynthetic and environmental parameters for the upper (□ ,□ )  and lower ( □ , • )  site, 
east (□ ,□ )  and west ( □ , • )  facing mature Riesling leaves plotted against time on the 24th of 
November 2000 for photosynthetic carbon fixation, A (A), stomatal conductance, gs (B), 
intercellular C 0 2 concentration, C, (C ), transpiration, E (D), vapour pressure difference calculated 
from leaf temperature, vpdL (E), leaf temperature, Tieaf (F), intrinsic light use efficiency, FJFm (G) 
and incident light intensity, PAR (H). Panel G is from a similar day for the same individual vines on 
the 11th December 2001. Predawn values of gs are not presented due to condensation on the leaves. 
Each point is the mean ± SE of 3-4 leaves.
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Figure 2-4. A summary of photosynthetic carbon fixation, A, measured under field conditions 
plotted against incident irradiance, PAR, measured simultaneously for exposed Pinot Noir (A, B) 
and Riesling (C, D) grapevine leaves at the upper (□ ) and lower (□ ) sites at the Tumbarumba and 
Canberra vineyards, respectively. Left- (A, C) and right-hand (B, D) side panels represent leaf from 
the east facing and west facing halves of the canopy. Each point is the mean ± SE of 3-6 leaves. The 
solid and dashed lines indicate fitted gaussian regressions (R2 > 0.96) for upper and lower site leaves, 
respectively.
2.3.2 Carbon gain and growth
Total net carbon gain over a one day period for both exposed halves of the upper and 
lower microsite canopies was determined from integration of the area under the carbon 
assimilation curves and expressed on a per leaf area basis for both varieties (Table 2-1). 
Total (east + west) integrated net carbon gain for the upper microsite was 11% and 9% 
higher than the lower microsite for both Pinot Noir and Riesling, respectively (Table 2- 
1). This difference was solely due to the upper east-facing canopy fixing a total of 24% 
and 19% more carbon for Pinot Noir and Riesling, respectively, than its lower site 
counterpart (p < 0.05; Table 2-1). As revealed in Figure 5 the west facing leaf canopies,
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exposed to similar temperature regimes at light-saturation, did not contribute to any of 
the differences in microsite total net carbon gain. The average difference between upper 
and lower east facing leaves for Pinot Noir over four days also showed 10.7 ± 3.7% 
higher net carbon gain for the upper east facing canopy. Measurements of Riesling on 
other days exhibited no temperature difference due to light wind maintaining overnight 
air circulation (Table 2-2). On these days there was no difference between upper and 
lower microsite photosynthetic net carbon gain (1% difference in total net carbon gain 
for each of two days measured).
Table 2-1. Total integrated carbon gain for both east and west facing exposed canopy halves at both 
upper and lower microsites over a day for both Riesling (24/11/00) and Pinot Noir (19/12/01) 
varieties. Different letters indicate a significant (p < 0.05) difference between rows. Each point is the 
mean ± SE of three to five leaves. Data was calculated by integration of the area under carbon 
assimilation curves on a clear day and expressed as per unit leaf area.
Variety Canopy aspect Total carbon gain, mol m'2
Lower site Upper site
East facing leaves 0.41 ±0.01D 0.51 ±0.00E
Pinot Noir
0.44 ± 0.01F 0.44 ± 0.02FWest facing leaves
Total 0.85 0.95
Riesling
East facing leaves 0.26 ± 0.02a 0.31 ±0.01B
West facing leaves 0.27 ± 0.02c 0.27 ± 0.02c
Total 0.53 0.58
Mean total shoot lengths plotted against both time from budburst and against 
cumulative temperature sum are presented in Figure 2-5 for the upper and lower 
microsite vines for both Pinot Noir and Riesling at the Tumbarumba and Canberra 
vineyards, respectively. The first vertical arrow indicates the estimated maturation date 
of the first source leaf (approximately 28 days after budburst; Smart & Robinson 1991) 
and the second arrow the beginning of flowering (60 and 78 days after budburst for 
Riesling and Pinot Noir, respectively). Pinot Noir vine shoots at both microsites show 
distinct sigmoidal growth patterns over time (Fig. 2-5A), which are described as
V = — ~ 157 r , „  + 1520.3 (R2 = 0.99) and y  = -■ +1064 (R2 = 0.99) for
J  j  _l_ ^ ( jc—55.76)/12.2 v 7 J  j  (jc—58.8)/13.74 v 7
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the upper and lower sites, respectively, where y  is total shoot length and jc is number of 
days from budburst. Riesling vine shoots at both microsites also showed distinct 
sigmoidal growth patterns over time (Fig. 2-5C), which are described as
y =-
-1498 + 1498 (R2 = 0.99) and y = -1116 + 1116 (R- = 0.99) for the
1 _j_ g (*-53)/11.2 ' j  +  (x-51)/12.1
upper and lower sites, respectively. The growth of the Riesling vine shoots was affected 
by a serious heat stress event (Fair > 40°C) on 20th December 2000 that killed all apical 
meristems and prevented further growth with the exception of some lateral shoots.
Table 2-2. Total integrated carbon gain for both east and west facing exposed canopy halves at both 
upper and lower microsites over a day (13/12/01) for Riesling vines. Different letters indicate a 
significant (p < 0.05) difference between rows. Each point is the mean ± SE of three to five leaves. 
Data was calculated by integration of the area under carbon assimilation curves on a clear day and 
expressed as per unit leaf area.
T o ta l c a r b o n  g a in , m o l m "2
L o w e r  s ite U p p e r  s ite
E a s t  fa c in g  le a v e s 0.452 ± 0.010A 0.473 ± 0.005a
W e st  fa c in g  le a v e s 0.416 ±0.010B 0.407 ± 0.004b
T o ta l 0.868 0.880
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Figure 2-5. Growth of mean total shoot length (A, C) and mean natural logarithm of shoot length in 
mm (B, D) of upper (□ ) and lower (□ ) site Pinot Noir (A, B) and Riesling (C, D) grapevines (Vitis 
vinifera L.) plotted against time from budburst (A, C) and against cumulative temperature, HDD, 
(B, D). Data were taken from the Tumbarumba and Canberra vineyards for Pinot Noir and 
Riesling, respectively. Arrows represent the estimated time of maturation of the first source leaf 
and the beginning of flowering. East and west facing shoots were pooled for analysis. The dashed 
lines in panel A and C are fitted sigmoidal regressions. Each point is the mean ± SE of 5-10 vines.
Upper microsite growth rate, estimated as shoot length increase over time, was 63% and 
34% higher than the lower microsite growth rate for Pinot Noir and Riesling varieties, 
respectively, between the emergence of the first source leaf and the beginning of 
flowering (Fig. 2-5 A & C). Subsequent to flowering, the growth rate for both microsites 
declined, culminating in 34% and 43% higher total shoot lengths for the upper 
microsites after 110 and 107 days from budburst for Pinot Noir and Riesling, 
respectively (Fig. 2-5A & C). There was no significant difference between growth rates
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of east and west facing Riesling shoots, which were thus pooled for analysis. The Pinot 
Noir vines at Tumbarumba, which showed the largest differential between the upper 
and lower microsites, also showed a growth differential between east and west facing 
shoots (p < 0.001). Final mean shoot lengths for the upper microsite were 1630 ± 142 
mm and 1326 ±131 mm for the east and west facing halves of the canopy, respectively. 
For the lower microsite, final mean total shoot lengths were 936 ± 156 mm and 1158 ± 
128 mm for the east and west facing halves of the canopy, respectively.
To determine the degree to which air temperature contributed to the above differences 
in growth between microsites, the data of Fig 2-5 A,C was re-plotted against cumulative 
air temperature during the duration of the experiment (Fig. 2-5B & D). The majority of 
the difference between the upper and lower microsite vine total shoot growth rates over 
time was removed when the data was plotted in this way, suggesting that air 
temperature was a major contributor to the growth differences observed. When upper 
and lower microsite vine shoot growth was plotted against cumulative soil temperature, 
it was found that these data sets did not collapse onto the same temperature relationship 
thus not explaining the difference in growth rates between the two microsites for either 
variety (Fig. 2-6). Interestingly, although final absolute shoot lengths were similar over 
the same period (Fig. 2-5A & C), the inherent relative growth rate for Pinot Noir 
[0.00242 ± 0.00007 In mm (°C Day)'1] was almost one and a half times higher than the 
Riesling relative growth rate ([0.00161 ± 0.00004 In mm (°C Day)'1]; p < 0.001; Figs. 2- 
5B & D). This corroborates viticultural evidence that Pinot Noir performs better at low 
temperatures than Riesling.
2.3.3 Photosynthetic response to irradiance and CO2 at low temperature
The data above strongly suggest that the microsite-dependent differences in growth 
observed here in the field were due to small differences in air temperature affecting the 
east facing canopy. To further investigate the causal mechanisms for this effect, several 
experiments were conducted using glasshouse-grown material, measured under 
controlled conditions. Considering that photosynthetic capacity (Figs. 2-2 & 2-3) and 
inherent relative growth rate response to temperature (Fig. 2-5) were significantly more 
constrained for Riesling compared to Pinot Noir under similar cool climate conditions 
(App. Fig. 1-1 & Fig. 2-2), all laboratory experiments were undertaken with the more 
inherently temperature-sensitive Riesling variety.
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A. Pinot Noir
B. Riesling
Figure 2-6. Growth of mean natural logarithm of shoot length in mm (A, B) of upper (□ ) and lower 
(□ ) site Pinot Noir (A) and Riesling (B) grapevines ( Vitis vinifera L.) cumulative soil temperature, 
HDDs0l\. Data were taken from the Tumbarumba and Canberra vineyards for Pinot Noir and 
Riesling, respectively. East and west facing shoots were pooled for analysis. Each point is the mean 
± SE of 5-10 vines.
To examine the temperature response of photosynthesis in grapevine under controlled 
conditions, net photosynthetic carbon fixation, transpiration, stomatal conductance, 
intercellular CO2 partial pressure, non-photochemical chlorophyll fluorescence 
quenching (.NPQ) and linear photosynthetic electron transport rate (Jpsii) were measured 
at 360 pbar CO2, 210 mbar O2 in N2 and leaf temperatures of either 25°C or 10°C under 
varying irradiance (Fig. 2-7). These temperatures reflect the range commonly 
experienced by the east facing canopy during illumination in the morning (Figs 2-2 & 2-
3).
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Figure 2-7. Light and temperature dependence of photosynthetic carbon fixation, A (A), 
transpiration, E (B), stomatal conductance, gs (C), intercellular C 02 partial pressure, C, (D), non­
photochemical quenching, NPQ (E) and linear electron transport rate, JPSn (F) for mature 
grapevine leaves (Vitis vinifera L. cv. Riesling). Leaves were illuminated at 25°C (□ ) or 10°C (□ )  
and data is plotted against photosynthetically active radiation (PAR). Vapour pressure difference at 
800 pmol quanta m'2 s’1 was 0.41 ± 0.04 kPa and 0.11 ± 0.01 kPa for leaves treated at 25°C and 
10°C, respectively. Average intrinsic quantum use efficiency, FJFm, of the leaves was 0.80 ± 0.01. 
Each point is the mean ± SE of 3 - 5 leaves.
A major effect o f the reduced temperature was a reduction in light-saturated A by 
approximately 42% (p < 0.001; Fig. 2-1 A). The light saturation point was also lower at 
10°C (800 pmol quanta m'2 s'1) compared to 25°C (1200 pmol quanta m'2 s'1) treated 
leaves (Fig. 2-7A). Low temperature treatment also resulted in a significant decrease in 
both light-saturated transpiration and stomatal conductance by 80 and 49%, respectively 
(p  < 0.001; Fig. 2-7B & C). Although C\ was unaffected by temperature (p = 0.2; Fig. 2- 
7D), Cj declined with increasing irradiance to stable minimum values at irradiances 
greater than 350 pmol quanta m'2 s'1 (Fig. 2-7D). At 25°C, non-photochemical
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quenching (NPQ) increased in a linear fashion with increasing irradiance and did not 
show evidence of light saturation (Fig. 2-7E). By contrast, low temperature treated 
leaves exhibited a more hyperbolic relationship with irradiance, clearly saturating at 
much earlier light intensities (Fig. 2-7E). The most prominent differences in NPQ due to 
temperature were observed between 60- 1000 pmol quanta m"2 s'1 e.g. At 530 pmol 
quanta m'2 s’1,25°C leaves developed only 23% of the NPQ at 10°C. However, at 2000 
pmol quanta m’“ s' , the equivalent of full sunlight, NPQ values were similar at both 
temperatures (p = 0.24). At 25°C, light-saturated rates of J psii were 2.7 fold higher than 
for leaves treated at 10°C (p = 0.024; Fig. 2-7F). Interestingly, J psii declined at the 
highest irradiance for the leaves treated at 10°C whereas J psii was steady in leaves 
treated at 25°C.
Net photosynthetic carbon fixation, A, C\/Ca ratio, NPQ and Jpsn were measured under 
controlled conditions (800 pmol quanta m’2 s'1; 210 mbar Cb in N2) at leaf temperatures 
between 25°C and 5°C as a function of Q (Fig. 2-8). The draw down of CO2 partial 
pressure within the leaf was reduced at 5°C (Fig. 2-8B). Interestingly, CCb-saturated net 
photosynthesis was limited by a reduction in leaf temperature with CCb-saturated rates 
of photosynthesis declining by 81% from 25°C to 5°C (Fig. 2-8A). However, the 
reduction in photosynthetic capacity did not limit photosynthesis at ambient CCb 
pressures until temperatures were below 15°C (Fig. 2-8A). Net photosynthesis at 
ambient Ca, was reduced by 64% between 25°C to 5°C (Fig. 2-8A). The low 
temperature-induced reduction in photosynthetic capacity at light- and CCb-saturation 
was associated with a reduction in the light- and CCVsaturated rate of linear electron 
transport rate, Jmax, and with an increase in the level of non-photochemical quenching, 
NPQ (Fig. 2-8C & D).
A summary of the temperature responses of A, NPQ and Jpsii at light-saturation and 
either ambient or elevated CO2 partial pressure are presented in Table 2-2. Relative 
stomatal limitation, RSL (calculated as the difference between A at ambient Ca and at a 
Ci of equivalent values; see Eqn. 2-2), was relatively constant between 25-15°C, at 20.6 
to 22.5%, and was dramatically reduced to 0% below 15°C (see Table 2-3). 
Carboxylation efficiency (CE), calculated as the initial slope of the photosynthetic CO2 
response curve under CO2 limiting conditions (Inset Fig. 2-8B) also declined as a
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function of temperature (/? < 0.05; Table 2-3). CE declined from 0.073 ± 0.001 pmol m '2 
s '1 pbar"1 to 0.021 ± 0.001 |Limol m'2 s '1 pbar'1 between 25°C and 5°C (Inset Fig. 2-8B; 
Table 2-3). All other parameters were highly temperature dependent, showing a 
reduction in biochemical and photochemical capacity for CCL fixation and electron 
transport and an increased dependence on thermal dissipation as temperature was 
lowered (Table 2-3).
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Figure 2-8. C 02 and temperature dependence of photosynthetic carbon fixation, A (A), intercellular 
air space to atmospheric C 02 partial pressure ratio, Q/Ca, (B), non-photochemical quenching, NPQ 
(C) and linear electron transport rate, yPSn (D) for mature grapevine leaves (Vitis vinifera L. cv. 
Riesling). Leaves were illuminated at 800 pmol quanta m'2 s'1 and measured at 25°C (□ ), 20°C (□ ), 
16°C (□ ), 11°C (□ ) and 5°C (□ ). Average intrinsic quantum use efficiency, FJFm, of the leaves was 
0.81 ± 0.01. The inset Figure in panel 2-8B is an expansion of the linear part of the C 02 response 
curve in Fig. 2-8A. Each point is the mean ± SE of 3 leaves.
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Table 2-3. Summary of the temperature response of photosynthetic parameters at ambient (Ca = 
360 gbar) and high (Ca = 1950 gbar) C 0 2 partial pressures. Each point is the mean ± SE of 3-5 
leaves. Asat is the light-saturated rate of photosynthesis, A max is the light- and C 0 2-saturated rate of 
photosynthesis and CE is the leaf carboxyiation efficiency calculated from the initial slope of the Fig 
2-8A (Inset Fig. 2-8B).
Leaf tem peratu re , °C 25 20 15 10 5
R ela tive  S tom ata l 
L im ita tion , %
21 ± 3 21 ± 2 23 ± 4 13 ± 4 1 ± 3
A max, gmol C 0 2 m'2 s '1 
Ca= 1 9 5 0  gbar
28 .9  ± 0 .1 22.0  ± 0 .1 14.9 ± 0 .1 10.5 ± 0 .1 5.4 ± 0 .1
/Asat, gmol C 0 2 rrf2 s '1 
Ca = 360  gbar
14.4 ± 0 .1 13.7 ± 0 .1 11.6  ± 0.1 9.3 ± 0 .7 5.2 ± 0 .4
Jmax, gmol e 'm '2 s '1 
Ca = 1950  |ibar
134 ± 3 97 ± 1 64 ± 1 37 ± 4 19 ± 1
Jpsn, gmol e' m'2 s '1 
Ca = 360  gbar
128 ± 2 112 ± 4 84 ± 2 47  ± 1 23 ± 3
N PQ  Ca = 1950  fibar 1.7 ± 0 .2 2.5 ± 0 .1 3.1 ± 0 . 2 4 .0  ± 0 .1 4.2  ± 0 .1
N P Q  Ca = 360  gbar 1.5 ± 0 .2 1.9 ± 0 . 2 2.4  ± 0 .1 3.6 ± 0 .1 4.1 ± 0 .1
CE, gmol m"2 s '1 gbar'1 0 .0 7 3  ± 0 .0 0 1 0 .063  ± 0 .002 0 .0 5 4  ± 0 .003 0 .0 3 8  ± 0 .005 0.021 ± 0 .0 0 1
2.4 D is c u ss io n
2.4.1 Growth at low temperature in the field
Large average temperature differences and/or severe low temperature treatments 
typically inhibit vine growth (Buttrose 1969; Greer & Jeffares 1998). The long-term 
meteorological and short-term temperature data show that field-grown grapevines in this 
study are exposed to frequent chilling events and wide diurnal temperature ranges (App. 
Fig. 1 & Fig. 2-1). Not surprisingly, growth of field-grown grapevine shoots was found 
to respond directly to temperature and this growth response to temperature has been 
well characterized for other species. In studies of avocado (Lahav & Trochoulias 1982) 
and mango (Whiley et al. 1989), when the magnitude of the diurnal temperature range 
was kept constant, reduction of average temperatures to 15°C significantly reduced 
shoot length increase over time. Variation in both the number of nodes and intemode
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lengths were discovered to depend more on temperature than light in a study of cotton 
by Roussopoulos et al. (1998).
The interesting result of this present study, however, is that the growth data for both 
grapevine varieties supports the hypothesis that the large mid-season growth differential 
between vines upon a slope at an upper (warmer) and lower (cooler) microsite is the 
result of cumulative effects of a small but consistent, 1-3°C, air temperature differences 
over the preceding period (Fig. 2-5). When plotted as a function of cumulative air 
temperature, shoot growth from both microsites collapse onto the same relationship 
(Fig. 2-5B & D). In the long term, the 1°C and 3°C warmer upper microsites for both 
varieties, where the extent of low temperature excursions was more limited, had a slight 
growth advantage over the cooler lower microsites. Similar observations, although over 
a much larger temperature range, have previously been reported in the literature for 
other crop plants. A study by Sayed (1995) showed that wheat shoot dry mass 
accumulation over time was greater under controlled growth temperatures of 30°C and 
20°C compared to 10°C, and when plotted as a function of cumulative temperature, the 
majority of variation was significantly reduced for all three, temperature regimes. 
Patterson (1993) also observed a reduction in dry weight accumulation of goatsrue and 
alfalfa plants when daily minimum temperatures were reduced while maintaining a 
constant maximum temperature. A similar result was found for winter wheat plants, 
which when exposed to identical warm root temperatures but 20°C and 4°C shoot 
treatments, showed a dramatic reduction in relative growth rate at 4°C (Windt & van 
Hasselt 1999). The results of this study are qualitatively similar to the study by Blennow 
et al. (1997) in which an average minimum temperature difference of 2°C severely 
affected growth resulting in an 80% reduction in biomass accumulation of snowgum 
seedlings in the colder sites during a spring growth period.
Despite a 1°C and 3°C microsite difference in minimum temperatures at the Riesling 
and Pinot Noir vineyards, respectively, vine shoots of both varieties achieved the same 
differential in absolute lengths between microsites over a similar period. However this 
may not be surprising given that the Pinot Noir variety is more temperature insensitive 
than Riesling and would require a proportionately greater temperature difference to 
elicit the same absolute growth differential (Fig. 2-5).
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Soil temperatures did not vary between microsites at the Pinot Noir site (Fig. 2-2) while 
soil maxima, was 0.58°C higher at the upper microsite for the Riesling vineyard but did 
not reduce the difference between upper and lower microsite shoot growth when shoot 
length was plotted as a function of cumulative soil temperature (Fig. 2-5). Given these 
observations it is unlikely that soil temperature differences could account for the 
difference in growth rates between the two microsites. It is clear from the data presented 
here that grape vine shoot growth showed a strong response to quite small differences in 
ambient air temperature. Two explanations for this observation are likely. First, shoot 
growth itself may respond directly to temperature through an effect on cell division and 
expansion (see Grace 1988). Second, the provision of carbon for growth may be 
impaired by low temperature (either by a direct effect on photosynthesis or via 
respiration). In this context, in the Pinot Noir vineyard where the temperature 
differences between upper and lower microsites were larger (3°C), there was a 
significant difference between east and west facing shoots at both microsites despite the 
fact that east and west facing shoots experienced similar soil and air temperatures 
throughout the day (Fig. 2-2). The only difference between the two halves of the canopy 
in these experiments is the temperature at which they receive illumination. This result 
suggests that a direct effect of temperature on cell growth or respiration is unlikely to 
explain the growth differences seen here and implies that light dependent carbon 
acquisition may be of more importance. It is also of note that the divergence in shoot 
length between microsites for both varieties occurred subsequent to the emergence of 
source leaves (Smart & Robinson 1991). This indicates that canopy leaves at full 
photosynthetic capacity are required to realize the temperature-induced variations in 
growth rate. In young pot grown vines, the direct relationship between net 
photosynthesis and total dry mass accumulation has been well established (Ferrini et al. 
1995; Miller et al. 1997). In the study by Ferrini et al. (1995), low temperature (20°C) 
grown vines had lower shoot lengths and lower total dry weights after an identical 
growth period as the warmer (27°C) conditioned vines. However, it is interesting that in 
the mature vines used in our field study, containing considerable starch reserves in the 
wood and elsewhere, shoot elongation remains closely linked to the provision of de 
novo photosynthate.
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2.4.2 Photosynthesis at low temperature in the field
Effects of early morning chilling on crop yield, manifested through photoinactivation of 
PSII, have been well characterized both in the laboratory and in the field (Long et al. 
1994). Photosynthesis measurements made here on mature, exposed grapevine leaves 
demonstrated that light-saturated net carbon fixation was indeed reduced by low 
morning temperatures (Figs. 2-2, 2-3 & 2-4). However, sustained photoinactivation of 
the PSII reaction center at low temperature and high irradiance played little role in this 
reduction (Figs. 2-2 & 2-3). The integration of the area under the assimilation curves for 
a typical cool clear day demonstrated that this temperature response contributed to a 
higher net photosynthetic carbon gain for the upper microsite (Table 2-1). This higher 
net photosynthetic carbon gain for east facing upper microsite leaves was a direct 
response to the marginally higher (Figs. 2-2 & 2-3) temperatures during early morning 
illumination. These affects on early morning photosynthetic rate and daily carbon gain 
were a result of overnight cold air drainage. When leaf temperatures did not differ 
between the two microsites due to overnight air circulation, the carbon gain advantage 
for the upper microsite disappeared (Table 2-2). The comparison between west facing 
and east facing canopy daily carbon gain revealed that the west facing leaves often 
yielded less carbon gain (Tables 2-1 & 2-2). The reduced carbon gain was principally 
associated with limited maximum stomatal conductance for east facing leaves compared 
to east facing leaves (Fig. 2-2 & 2-3) which may have been a response to considerably 
higher vapour pressure deficit in the afternoon. This phenomenon was more prominent 
for vines at the upper site where east facing photosynthetic capacity was less 
constrained by low temperatures than the lower site (Tables 2-1 & 2-2). Thus, west 
facing canopy carbon gain is more constrained by factors such as vapour pressure 
difference than low leaf temperatures and may reduce the temperature-induced carbon 
gain differential between the upper and lower sites. The growth data tends to suggest 
that the temperature effect overrides this mitigating factor in the long term (Fig. 2-5).
At light-saturation, where the ratio of photosynthesis to dark respiration is relatively 
high, the east facing Pinot Noir leaves at the marginally warmer upper site contributed 
to a daily average of 10% higher carbon gain (Fig. 2-3; Table 2-1). The observation that 
the difference in carbon gain and growth between the upper and lower microsites is 
solely driven by the east facing canopy is also highly supportive of the hypothesis that it
40 Chapter 2. Grapevine Photosynthesis and Growth at Low Temperature
is an effect of low temperature on photosynthesis that is the major contributor to the 
microsite growth differences observed (Fig 2-5). Together with the observation that 
photoinactivation does not occur in these field experiments, these data suggest that the 
low temperature effects on photosynthesis and growth seen here could be a result solely 
of innate temperature response of photosynthesis in air.
While the canopy and microsite data discussed above suggests that respiration may not 
play a role in the growth responses observed here, its contribution cannot be ruled out. 
At low irradiance, respiration is the most influential factor affecting net carbon gain 
(Loveys et al. 2002). In the present study, measurements of light-saturated net 
photosynthesis were made on the exposed leaf canopy only. Under these conditions, 
respiration accounts for a very small proportion of leaf photosynthesis and thus 
demonstrates a temperature-induced contribution of photosynthetic net carbon gain to 
the shoot growth of field-grown vines. However, considering the close relationship 
between leaf respiration and net carbon gain under low-light conditions, to accurately 
quantify this contribution, analysis of the net carbon contribution of either shade leaves 
within the canopy or whole canopy photosynthesis at low temperatures should be 
undertaken. In this context, from the beginning to the end of flowering, when the field 
photosynthesis measurements were made, Downton and Grant (1992) estimate that 
approximately 60% of the leaf area of each vine is exposed. This large proportion of 
canopy exposure implies that a marginally higher, early morning carbon gain for upper 
site east facing vines would have a substantial effect when extrapolated to the majority 
of the canopy. Indeed these experiments suggest that temperature dependence of vine 
photosynthetic carbon gain could be very important during canopy development in the 
early growth season when the majority of source leaves are light-saturated.
2.4.3 Stomatal and non-stomatal limitation of photosynthesis at low temperature
The reduction in photosynthesis at low temperatures in field-grown vines measured in 
this study could have been due to a number of factors. Stressful conditions can impair 
photosynthesis via stomatal and non-stomatal processes and this has been clearly 
demonstrated for grapevines experiencing drought stress (Maroco et al. 2002). At low 
temperatures, these processes include stomatal closure reducing available CCF in the 
chloroplast, chronic photoinactivation of the light harvesting reaction centers, limitation
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of RuBP regeneration, end-product limitation and Rubisco enzyme inactivation (Allen 
& Ort 2001). Field experiments indicated that there was both a stomatal and non- 
stomatal component to the morning depression of carbon fixation at low temperatures in 
the absence of any sustained down-regulation of photoinactivation of PSII reaction 
centers (Figs. 2-2 & 2-3). This occurred in both varieties (Fig. 2-4); however, the focus 
of the glasshouse experiments was on the inherently more temperature sensitive variety 
Riesling, as demonstrated in Figure 2-5B & D. Although the glasshouse-grown material 
was not ‘cold-acclimated’ as for the field-grown material, growth of vines under 
controlled conditions and measurements in the laboratory allowed further quantification 
of the component processes contributing to the low temperature limitation of grapevine 
photosynthesis (Figs. 2-7 & 2-8).
A significant stomatal component in the low temperature response of photosynthesis in 
Pinot Noir leaves in the field was evidenced by Fig 2-3. gs was significantly reduced 
and photosynthesis was clearly Cj-limited for the east facing lower site leaves 
experiencing saturating irradiance at temperatures below 10°C in the early morning 
(Fig. 3). Upper site temperatures, which began at a higher value, would have been less 
likely to inhibit stomatal function for the same period. The stomatal limitation is further 
supported by the lack of large variation in either vpdL or irradiance that might otherwise 
explain stomatal function in the early morning period (Fig. 2-2). This was confirmed for 
non-water stressed, glasshouse-grown leaves subjected to low temperature treatment at 
reduced vapour pressure difference; stomatal conductance still declined relative to warm 
temperature measurements (see legend of Fig. 6). Wilkinson et al. (2001) have proposed 
that cold-induced stomatal closure is a response to increased apoplastic calcium uptake 
of guard cells rather than a drought-induced abscisic acid response. Earlier work by Liu 
et al. (1978) reported partial stomatal closure independent of leaf water potential for 
light-saturated Vitis lambruscana leaves subsequent to nights with minimum 
temperatures below 10°C. Liu et al. (1978) further observed general impairment of both 
stomatal opening and closing at low temperatures. This was confirmed in the present 
study where stomatal closure of the glasshouse-grown leaves was limited at 10°C and 
unaffected at 25°C (Fig. 2-7A & B).
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Similar to the field observations, the treatment of the glasshouse grown vines at 10°C, 
induced a reduction in light-saturated A as well as gs but the reduction in gs did not limit 
the partial pressure of CO2 in the intercellular air space as it did in field conditions (Fig. 
2-5). By determining the response of photosynthesis to varying CCb concentration at 
different temperatures, it was possible to quantify this stomatal contribution to 
restriction of photosynthesis. Relative stomatal limitation (RSL) at 15-25°C observed in 
this present study was similar to the 21.7 ± 1.7% (Maroco et al. 2002) and the ~25% 
(Escalona et al. 1999) reported for field-grown irrigated vines from a warm climate. 
RSL remained steady (approximately 20%) above 15°C but decreased dramatically 
below 15°C indicating, as summarized in Table 2-3, that below 15°C stomatal closure 
was a response to limited photosynthetic capacity rather than the converse. Thus in 
addition to a reduction in gs at saturating irradiance and low temperature, there is a non- 
stomatal limitation of photosynthesis that contributes to reduced carbon gain, and 
possibly gs, for early morning east facing leaves (Table 2-3). A similar effect was 
observed in several native and cultivated species acclimated to field conditions and was 
associated with 02-insensitive photosynthesis at ambient CO2 partial pressures (Sage & 
Sharkey 1987). This insensitivity was further associated with a reduction in the relative 
stomatal limitation to between 0-8% at 10°C, a value similar to that reported for the 
warm-acclimated vines of this present study. Sage & Sharkey (1987) further suggested 
that despite acclimation to low temperatures, end-product limitation still influences 
diurnal carbon gain, particularly during periods of the day when temperatures are 
relatively low.
A clue to the nature of this non-stomatal limitation can be found in the observation that 
light- and CCVsaturated photo synthetic capacity (^max) in glasshouse grown Riesling 
was greatly reduced at all temperatures below 25°C (Table 2-3). This phenomenon has 
previously been reported to be the result of a reduced rate of RuBP regeneration. RuBP 
regeneration becomes limited at low temperatures due to one of three reasons: (1) 
limitation of the rate at which light-harvesting and electron transport produce ATP and 
NADPH, (2) limitation of the rate at which the stromal bisphophatases regenerate RuBP 
in the photosynthetic carbon reduction cycle or (3) restriction of the rate at which end- 
product synthesis consumes triose-phosphates and regenerates inorganic phosphate (Pi) 
for photophosphorylation (Allen & Ort 2001). RuBP regeneration, represented in Table 
3 as Amax, affected photosynthesis at ambient CO2 partial pressures (^sat) below 15°C.
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Amax in barley, tomato, capsicum, poplar and figwort leaves have also been reported to 
be similarly affected by low temperatures and was associated with 02-insensitivity and 
end-product limitation of photosynthesis (Labate & Leegood 1988; Sage & Sharkey 
1988). As in the studies of Labate & Leegood (1988) and Sage and Sharkey (1987), 
A max closely matched photosynthesis at ambient CO2 partial pressures (^Sat) below 15°C 
(Table 2-3).
A recent study by Ott et al. (1999) demonstrated a direct limitation of electron transport 
capacity by low temperature and invoked diffusional limitations on plastoquinone and 
plastocyanin. However, any decrease in electron transport capacity under saturating 
light, would feedback on the electron transport chain causing reduction of QA, the 
primary quinone electron acceptor of PSII, and likely lead to photoinactivation of the 
PSII reaction center. The general absence of chronic photoinactivation of field-grown 
vines in this study (Fig. 2-2G & 2-3G) and other studies (Chaumont et al. 1997) 
implying a generally low reduction state of QA, suggests that direct temperature effects 
on electron transport were not major contributing factors in the present study.
End-product limitation, resulting from low temperature inhibition of end-product 
synthesis, can lead to a deficiency in chloroplastic Pi and an inhibition of 
photophosphorylation. This decreases the ATP/ADP ratio, increases trans-thylakoidal 
pH gradient (ApH) and consequently causes a strong acidification of the thylakoid 
lumen (Foyer et al. 1990; Chow & Hope 2002). High ApH increases the capacity for 
excitation transfer from chlorophyll to zeaxanthin, thus short-circuiting the normal flow 
of energy to the reaction center and dissipating the absorbed photon energy as heat 
(NPQ) to prevent over reduction and photoinactivation of the reaction center (Gilmore 
1997; Niyogi 1999). It is significant that in the laboratory based experiments, NPQ was 
high at ambient light levels under low temperature and was saturated by low light 
intensities at low temperature. This implies that a high ApH was experienced at 
relatively low light and low temperatures, indicative of a restriction of regeneration of 
either ADP or P j  to the thylakoid ATP synthase. This mechanism may act not only to 
protect PSII from over-excitation but to coordinate electron flux through PSII with 
carbon metabolism under conditions where the latter is restricted (Foyer et al. 1990). 
The reduction of light-saturated electron transport and strong response of non-
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photochemical quenching seen here (Table 2-3) suggests that limitation of the light- and 
CCT-saturated rate of photosynthesis at low temperature is tightly linked to this 
photoprotective feedback regulation strategy. End-product limitation of photosynthesis 
has been demonstrated to occur in grapevines under drought and warm conditions at 
ambient or high CCb partial pressures (Quereix et al. 2001; Maroco et al. 2002). 
Inorganic phosphate limitation signaling is also important for the acclimatization of 
photosynthesis to low temperatures adding another role for Pj recycling to the low 
temperature response (Hurry et al. 2000).
In addition to the reduction of photosynthetic capacity by limited RuBP regeneration, 
the initial slope of the CCb response curves (Table 2-3) indicated that carboxylation 
efficiency was reduced at all temperatures below 25°C and particularly at 5°C in 
grapevine. The slope of this relationship is often called the Rubisco-limited rate of 
photosynthesis because of its direct dependence on the maximum activity of Rubisco, 
(von Caemmerer et al. 1994). There will be a direct effect of temperature on Rubisco 
catalytic efficiency (Sage 2002), but Rubisco activation state also decreases when end- 
product limitation depletes the pool of inorganic phosphate and the concentration of 
RuBP becomes sub-optimal (Sharkey et al. 1986; Sage et al. 1990; Sharkey 1990). This 
has been observed in several species under end-product limitation and was suggested as 
having been mediated by Rubisco activase, which requires ATP (Salvucci 1989). Recent 
evidence from two transgenic tobaccos confirmed that Rubisco activity is down 
regulated due to reduced activity of Rubisco activase, but that this was mediated either 
by ApH or the redox state of the thioredoxin pathway, rather than a limitation of RuBP 
regeneration by electron transport or any decline in stromal ATP/ADP ratio per se 
(Ruuska et al. 2000). It is unlikely that the total amount of Rubisco present was affected 
under short low temperature treatments. These data therefore suggest that, in addition to 
the catalytic turnover rate of RuBP carboxylation, Rubisco activation state may be 
impaired by low temperature in grapevine leaves.
2.5 Conclusions
In conclusion, the results of this study indicate that the accumulation of small 
differences in mean minimum air temperatures within two cool climate vineyards 
resulted in a large variation in grapevine shoot growth over time. The greater
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accumulated carbon gain by the exposed vine canopy at marginally warmer (1-3°C) 
microsites is associated with more favourable temperature conditions for photosynthesis 
in the cool early morning period for exposed east-facing leaves. This low temperature 
phenomenon while associated with stomatal restriction of intercellular CO2 partial 
pressure and Rubisco inactivation above 15°C is more likely a response to the 
biochemical limitations of RuBP regeneration and Rubisco inactivation below 15°C.
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Chapter 3 Chilling-induced stomatal 
closure in grapevine
3.1 A SURVEY OF CHILLING-INDUCED WATER STRESS IN THE ABSENCE OF
DROUGHT
Plants must expose their mesophyll tissue to the atmosphere in order to fix atmospheric 
CO2 during photosynthesis, thereby losing water in the process. For higher terrestrial 
plants, this net exchange takes place via stomatal pores. Since plants are able to regulate 
stomatal aperture to maximize overall water use efficiency (minimize H2O transpired 
per CO2 fixed) the process of stomatal regulation has been a subject of much research 
under conditions where plants are water stressed.
During mild drought, when leaf transpiration exceeds the supply of water from the rest 
of the plant, dehydration occurs. Dehydration can cause rapid stomatal closure due to an 
accumulation of endogenous leaf concentrations of abscisic acid (ABA) originating from 
both root and leaf signaling. Rapid stomatal closure restricts photosynthetic capacity by 
lowering mesophyll CO2 partial pressure. Light- and CCVsaturated photosynthetic 
capacity only declines at leaf water deficits of 30% or more, while photosynthesis at 
ambient CO2 conditions is almost absent at a leaf water deficit of 30% (Comic & 
Massacci 1996). Comic & Massacci (1996) thus concluded that stomatal limitation of 
mesophyll CO2 partial pressure is the major factor in drought-induced photosynthetic 
limitation. Drought is believed to also cause biochemical restrictions on photosynthesis, 
predominantly by reducing ATP synthesis and ribulose-l,5-bisphosphate (RuBP) 
regeneration although this remains a subject of much debate (Tezara et al. 1999; Comic 
2000). On the other hand, evidence also exists that sucrose phosphate synthase activity 
is limited by reduced leaf CO2 concentrations (Sharkey & Seeman 1989; Quick et al. 
1992). Biochemical and modeling techniques have recently determined the existence of 
both stomatal and non-stomatal limitations of drought stressed grapevine photosynthesis 
(Quick et al. 1992; Escalona et al. 1999; Maroco et al. 2002). Patchy stomatal 
behaviour is well characterized in heterobaric grapevine leaves (Downton et al. 1988; 
Düring & Stoll 1996a, 19966) which may have led to an underestimation of the 
magnitude of stomatal limitation of leaf CO2 partial pressure during drought stress 
(Mott & Buckley 1998).
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3.1.1 Chilling-induced water stress and stomatal interference
One of the symptoms of chilling injury is leaf dehydration caused by the imbalance 
between root water uptake and canopy transpiration (Wilson 1976). Plant root and shoot 
hydraulic conductance are limited by low temperature-induced change in water 
viscosity that affects the rate of transpiration at the whole plant level (Sperry et al. 
1988; Fennel & Markhart 1998; Cochard et al. 2000). However, maintaining roots at 
elevated temperatures during chilling does not always remove the chilling response for 
several species, including grapevine (Perera et al. 1995; Flexas et al. 1999; Cochard et 
al. 2000). Soil temperature measurements for field-grown grapevines also demonstrated 
few low temperature events in the root zone (Chapter 2). The occurrence of low soil 
temperature in the field is unlikely to induce restricted photosynthesis since root 
hydraulic conductivity rapidly recovers after an initial limitation by low temperature 
(Fennel & Markhart 1998). Thus, the chilling response in grapevines must originate in 
the shoot where low temperature can increase cavitation of xylem embolism (Sperry et 
al. 1988) creating a large water deficit in leaves. Bald et al. (1991) showed that 
grapevine leaf water potential declined dramatically after 3-6 hours of chilling in low 
light. No control comparison was made, however, over the same chilling period by Bälö 
et al. (1991). Flexas et al. (1999), who did have control replicates, reported that light- 
and CCF-saturated photosynthetic rates and stomatal conductance (gs) of potted 
grapevines were reduced subsequent to overnight chilling at 5°C regardless of root 
temperature. These reductions were associated with loss of relative water content and 
suggested that the water loss was a function of reduced stem hydraulic conductivity at 
low temperature (Flexas et al. 1999).
The ability of a plant to maintain a favourable balance between water supply and water 
loss is vital to avoiding any chilling-induced water stress and relies upon the ability of 
stomata to close in response to increasing chilling-induced water deficit. Shoot and/or 
root chilling in bean and grapevine resulted in an initial reduction in leaf water status, 
seen as a decline in both leaf water potential and relative leaf water content, without any 
change in root water status or osmotic status (Wilson 1976; Liu et al. 1978; Bälö et al. 
1986; Vemieri et al. 2001). Later, stomatal closure in grapevine resulted in an almost 
complete recovery of leaf water status (Bälö et al. 1986). While chilling-sensitive 
species such as bean and maize showed a reduction in both leaf water potential and net
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photosynthesis subsequent to chilling treatment, chilling-tolerant species such as 
spinach, pea, clover, coffee, tomato, lupin, Arabidopsis and certain grapevine varieties 
showed no such reduction (Crookston et al. 1974; Martin et al. 1981; Eamus & Wilson 
1983; Bauer et al. 1985; Bald et al. 1986; Wolfe 1991; Long et al. 1993; Guinchard et 
al. 1997; Correia et al. 1999; Hurry et al. 2000). The chilling-induced water stress was 
due to unusually slow stomatal closure, or a ‘locking open’ effect, in contrast to the 
normal stomatal response in the chilling-tolerant species. Thus, the ability of the 
stomata to close under chilling conditions is an important response for maintaining 
favourable water balance in all species including grapevine (Bald et al. 1986).
Low leaf temperature has long been known to interfere with stomatal function (Zelitch 
1963). Increases in stomatal limitation of photosynthesis subsequent to overnight 
chilling are common to many species including coffee (Bauer et al. 1985), grapevine 
(Liu et al. 1978; Flexas et al. 1999), lupin (Correia et al. 1999), mango (Allen et al. 
2000), olive (Bongi & Long 1987), peanut (Bell et al. 1994) and tomato (Martin et al. 
1981). Long et al. (1983) found that stomatal closure was inhibited in maize plants 
chilled at 5°C in the light suggesting that low temperature interferes with stomatal 
control. Stomatal closure can occur in the presence or absence of mild water stress in 
chilled plants. Bauer et al. (1985) and later Barros et al. (1997) demonstrated that the 
chilling-induced reduction of both photosynthesis and gs in coffee plants was directly 
related to temperature rather than a decline in water status. Allen & Ort (2001) state that 
there are two potential causes of chilling-induced stomatal closure: (1) Low temperature 
directly affects stomatal function causing stomatal closure and hence a reduction in C; 
and photosynthetic capacity. As previously discussed, if stomatal closure is not fast 
enough then water loss will occur. (2) Low temperature directly limits carbon 
metabolism that in turn reduces photosynthesis and increases intercellular CCL partial 
pressure (CO, causing subsequent stomatal closure (Allen & Ort 2001).
3.1.1.1 Direct effects of low temperature on stomatal function 
It has been recently determined that rapid stomatal closure by low temperature treatment 
is enacted via the increase in extracellular or apoplastic calcium uptake by guard cells as 
shown for Arabidopsis (Knight et al. 1996), Nicotiana plumbaginifolia (Wood et al. 
2000) and Commelina communis (Wilkinson et al. 2001). This can occur in the absence 
of any increase in ABA. Stomatal sensitivity to ABA is greatly reduced at low leaf
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temperature in chilling tolerant species (Comic & Ghasghaie 1991; Honor et al. 1995; 
Wilkinson et al. 2001). This low temperature-induced stomatal closure can take place 
without hydraulic signals from the root. Water relations of the guard cells and the 
surrounding leaf are not involved in this process. Monroy et al. (1993) show that 
calcium accumulation plays an important role in the acquisition of cold tolerance.
Although a sudden shift to low temperature can induce stomatal closure without any 
increase in leaf ABA, it is still possible that apoplastic ABA accumulation and de novo 
ABA synthesis prolong stomatal closure in vivo during and subsequent to low 
temperature treatment (Lee et al. 1993; Janowiak & Dorffling 1996; Lee et al. 1997). 
Mechanisms other than Ca  ̂ uptake by guard cells may close stomata. Drought 
hardening increases chill tolerance in normally sensitive maize plants by increasing leaf 
ABA content thereby limiting transpiration and hence water loss (Perez et al. 1997). 
This partially overcomes the reduced stomatal sensitivity to ABA and closes stomata 
allowing the plant to respond faster to chilling-induced water imbalance by stomatal 
closure (Capell & Dörffling 1993; Lee et al. 1993; Janowiak & Dorffling 1996; Lee et 
al. 1997). It has been shown that this chilling tolerance is a result of reduced 
transpiration rather than increased root water uptake (Lee et al. 1997). The application 
of exogenous ABA mimics cold-acclimation in plants such as pea and maize (Wolfe 
1991; Pardossi et al. 1992; Janowiak & Dorffling 1996).
3.1.1.2 Indirect effects of low temperature on stomatal function
Despite chilling treatment, if plants are able to close their stomata, water stress can be 
avoided or minimised. While chilling-induced closure of stomata potentially limits the 
CO2 partial pressure inside the chloroplast and hence photosynthetic capacity, if leaves 
are illuminated at low enough temperatures other biochemical, non-stomatal processes 
may limit photosynthesis to a greater extent (Falk et al. 1996). Bauer et al. (1985) and 
Allen et al. (2000) showed that subsequent to overnight chilling, stomata of coffee and 
mango trees showed midday stomatal closure. However, only 25% of the concurrent 
reduction in coffee net photosynthesis was due to stomatal closure with the other 75% 
being due to non-stomatal factors. This non-stomatal reduction included a reduction in 
carboxylation efficiency. The chilling-induced reduction in mango photosynthesis 
coincided with both a reduction in the extent of stomatal limitation and reduced Rubisco 
activity. Flexas et al. (1999) state that the chilling-induced reductions in light- and CCL-
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saturated grapevine photosynthesis may have been due to direct effects on carbon 
metabolism e.g. limited RuBP regeneration without a loss of Rubisco activity.
Jun et al. (2001) state that chilling in the dark predominantly affects carbon metabolism 
whereas chilling in the light principally restricts photosynthesis by causing net 
photoinactivation. However, net photoinactivation cannot limit light-saturated rates of 
photosynthesis unless chronic damage to the PSII apparatus occurs (Long et al. 1994). 
Rapid down-regulation of photochemical efficiency is observed in grapevine under 
potentially photoinhibitory conditions (Chapter 5; Düring 1998; Ortoidze & Düring 
2001) but this generally occurs in the absence of chronic net photoinactivation under 
extreme conditions (see Chapters 2 & 5; Chaumont et al. 1997; Flexas et al. 1999). 
Thus, one or more of several processes may be influencing the loss of photosynthetic 
productivity in grapevine during or subsequent to low temperature treatment including 
chilling-induced water stress and/or chilling-induced stomatal closure and reduced 
photosynthetic capacity via biochemical limitation.
Occasional short periods of chilling conditions during a generally warm period are 
common in temperate climates (Allen & Ort 2001). Grapevines regularly experience 
both low overnight chilling in the dark and chilling in moderate light intensities during 
the early morning period (Chapter 2). The results of Chapter 2 demonstrated that these 
low overnight and morning temperature events limited the photosynthetic carbon gain 
of the grapevine canopy that was associated with partial stomatal restriction of 
intercellular CCL partial pressure (Chapter 2). Previous studies have also found that 
overnight chilling can induce stomatal closure of field and glasshouse-grown grapevine 
leaves (Liu et al. 1978; Flexas et al. 1999). It was determined that low temperature 
interferes with stomatal function irrespective of leaf water status (Liu et al. 1978) 
implying that chilling has a direct impact on grapevine stomata although vapour 
pressure difference was not controlled during chilling treatment in these studies. When 
relative humidity was maintained at 100%, measurements of grape leaf stomatal 
resistance at 25°C subsequent to chilling under weak light (~40 pmol quanta m'2 s'1) 
initially increased and decreased only after approximately 12 hours of chilling treatment 
(Bald et al. 1986). The effect of grapevine chilling under more physiologically relevant 
conditions has not been measured. The study by Flexas et al. (1999) measured cold-
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induced water stress and restriction of stomatal conductance and photosynthetic 
capacity immediately after chilling treatment, however, measurements of grapevine 
chilling responses in the longer term from hours to days were made only on Vitis riparia 
and only of photosynthesis at 25°C and saturating CO2. Water relations or stomatal 
responses were not measured. None of these afore-mentioned studies measured the 
response of grapevine stomatal conductance and leaf photosynthesis at low temperature 
or its relationship to leaf vapour pressure difference which could explain in part whether 
leaf stomatal closure was a direct response to temperature or more of a prolonged 
response to chilling-induced water deficit.
3.1.2 Experimental aims
The general aim of this study was to confirm the occurrence of overnight chilling- 
induced water stress and/or limitation of photosynthesis in field-and glasshouse-grown 
grapevines. More specifically, it was important to investigate the stomatal response of 
grapevine leaves to chilling temperature both subsequent to overnight over several days 
treatment and during low temperature treatment at physiologically relevant light 
intensities regularly encountered under field conditions. The secondary aim of this study 
was therefore to determine the difference between the response of grapevine leaf 
photosynthesis to overnight chilling in the dark and during chilling in the light.
3.2 Materials and M ethods
3.2.1 Glasshouse-grown plant material
Grapevine material (Vitis vinifera L. cvs. Riesling and Cabernet Sauvignon) was grown 
in under identical conditions to those described in Chapter 2.
3.2.2 Field-grown plant material
The water relations of grapevine (Vitis vinifera L. cv. Riesling) were studied at the 
StringyBark Hill vineyard near Canberra, Australia (35° T S; 149° 2' E; Alt. 650 m). For 
a complete description of the vineyard and macroclimate, see Chapter 2 and Appendix 
1, respectively.
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3.2.3 Temperature measurements
Air and soil temperature were measured with thermistors (Tiny talk, Gemini Data 
loggers, UK) and recorded every 10 minutes with a data logger. Thermistor probes (6 
cm long, 3.3 mm diameter) were placed just above the canopy to measure air 
temperature and were covered with a Styrofoam cup to prevent heating due to the direct 
exposure to radiation. Soil thermistor probes (12 cm long, 3.3 mm diameter) were 
embedded vertically into the soil surface and watered in to ensure full contact.
3.2.4 Photosynthesis measurements
In all laboratory and glasshouse measurements of photosynthesis, the youngest, fully 
expanded leaf from the exposed outer layer of the canopy were used.
In the glasshouse, leaf photosynthetic parameters were measured during mid-morning 
illumination (10 am local time) using a portable, open circuit, infrared gas analysis 
system (LI-6400, LI-COR, Lincoln NE, USA). Simultaneous measurements of CO2 and 
H20  vapour flux, air (7air) and leaf (7ieaf) temperature allowed calculation of leaf carbon 
assimilation (A), stomatal conductance (gs), intercellular C02 partial pressure (C\) and 
vapour pressure difference (vpdL). Ambient illumination was supplied to the leaf using 
a red-blue light source and was 710 ± 7 pmol m' s' . Ambient C02 partial pressure was 
kept constant at 360 pbar in the leaf cuvette for all treatments.
In the laboratory, photosynthesis measurements were made using an open circuit, 
temperature-controlled, infrared gas exchange system as described in Chapter 2. In 
glasshouse and laboratory experiments a pulse-amplitude modulated chlorophyll 
fluorometer (PAM 101 or PAM2000, Walz-Effeltrich, Germany) was used to determine 
(1) the intrinsic quantum efficiency of open PSII reaction centers under irradiance 
(^ psii), (2) the linear electron transport rate through photosystem II (Jpsii) and (3) the 
level of non-photochemical quenching (NPQ) as described in Chapter 2. Leaf 
chlorophyll fluorescence was measured simultaneously with leaf gas exchange on the 
same area of leaf.
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3.2.5 Chilling-induced water stress experiments
3.2.5.1 Glasshouse experiment
The presence/absence of a chilling-induced water stress was investigated by contrasting 
the response of glasshouse-grown Cabernet Sauvignon grapevines to overnight chilling 
and rapidly induced water stress. Vines were randomly assigned to each treatment and 
each treatment consisted of three replicate vines. Control vines remained in the 30/20°C 
glasshouse throughout the day and were watered to field capacity daily. The overnight 
chilling treatment consisted of the removal of the vines from the glasshouse after dusk 
to an 8°C coldroom for 10 hours in darkness, after which the vines were returned to the 
glasshouse within one hour predawn. In all cases, transition time was less than one 
minute. Chill-treated vines were also watered every day to field capacity. The water 
stress treatment consisted of water being withheld from the grapevine pots throughout 
the day. For all treatments, measurements of predawn and mid-moming leaf 
photosynthetic parameters and leaf water potential were made over a period of four 
days. Initial pretreatment values of all vines were measured predawn and mid-moming 
on the first day before treatments were given. All vines were then watered once to field 
capacity. On the night of day 1, the first chilling treatment was given. Chilling and 
water stress treatments were maintained for three days.
Predawn measurements consisted of leaf water potential (TV) and intrinsic quantum
F F - Fefficiency of PSII photochemistry [—-  = —------ ] .  Leaf water potential was measured
F Fm m
using a custom-built pressure chamber according to the methodology outlined in Turner 
(1981) and Beadle et al. (1993). The leaf was wrapped in a small plastic bag lined with 
moist filter paper before the leaf petiole was cut with a razor blade. The leaf was then 
removed to the pressure chamber where pressurized N2 was fed to the sealed chamber 
until a balance pressure was attained and xylem sap was exuded from the cut petiole 
(For details refer to Tyree & Hammel 1972). FJFm was derived from measurements 
using a leaf chlorophyll fluorometer after 30 min dark acclimation (Plant Efficiency 
Analyser, Hansatech, King’s Lynn, Norfolk, UK).
Mid-moming leaf photo synthetic parameters were derived from concurrent leaf gas 
exchange and chlorophyll fluorescence measurements including light-saturated (700
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(jjnol quanta m'2 s'1) CO2 assimilation rate f4sat), stomatal conductance (gs) and 
intercellular CO2 partial pressure (Cj), FJFm, photosynthetic linear electron transport 
(./psii) and non-photochemical quenching (NPQ). Leaf water potential was also 
measured by sampling leaves other than the gas exchange and fluorescence 
measurement leaves.
3.2.5.2 Field experiment
Diurnal leaf water potential measurements were undertaken with a pressure chamber 
subsequent to three days with temperature minima below 15°C and after an overnight 
minimum temperature of 10°C. Measurements were made predawn and during the day 
on both east- and west-facing leaves that experienced full sunlight in the morning and 
afternoon, respectively.
3.2.6 Photosynthetic and stomatal temperature response curves
Measurements of grape leaf stomatal conductance were made in the lab-based rapid 
response gas exchange system described in Chapter 2. Attached leaves were illuminated 
at 800 pmol quanta m': s'1 at 25°C until a steady state rate of net CO2 fixation and 
fluorescence yield. Leaves were then subjected to lower temperature in 5°C increments 
while keeping irradiance, vapour pressure difference and C, approximately constant at 
800 pmol quanta m'2 s"\<0.5 kPa water vapour and 280 pbar CO2, respectively.
3.3 Results
3.3.1 The effect of dark chilling on leaf water status and photosynthetic function
A comparison of the effects of an overnight chill and a mild drought on potted 
glasshouse-grown grapevine leaf photosynthesis and leaf water status demonstrated that 
overnight dark chilling at 5°C reduced light-saturated photosynthesis (v4sat) by up to 34% 
of pre-treatment values (Table 3-1; Fig. 3-1 A). This reduction in Asat subsequent to the 
onset of overnight chilling treatment was accompanied by reductions in stomatal 
conductance (gs) and intercellular CO2 partial pressure (Q) of 45-50% and 11-16%, 
respectively. For chilled vines the largest reduction in Asat, gs and C\ occurred after the 
first night of chilling (Fig. 3-1 A, B and C). As chilling treatment continued, Asat showed 
a further slight decline, gs remained relatively constant and Q increased marginally.
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Leaf photosynthetic linear electron transport (Jpsn) also remained relatively constant 
throughout the chilling period. Jpsn remained between 90 ± 7 and 106 ± 20 pmol e m'2 
s'1 for chilled plants, which was similar to that of the control plants, which maintained 
Jpsn between 90 ± 6 and 125 ± 8 pmol e m'2 s'1. Non-photochemical quenching (NPQ) 
increased slightly for chill-treated vine leaves with the exception of the fourth day of 
treatment when NPQ dropped by 23% from the previous days value (Fig. 3-ID). 
However, in comparison with control vines, chilled vines exhibited considerably higher 
values of NPQ (Fig. 3-ID). The reductions in Asau gs and Cx and increase in NPQ 
occurred in the absence of any reduction in either predawn leaf water potential 0FpD) 
when the vine is in equilibrium with the soil matrix potential, or mid-morning leaf water 
potential (Fig. 3-IE and F).
By contrast, after four consecutive days of water being withheld, the drought-treated 
vines exhibited a 92% reduction in mid-morning Asal (Fig. 3-1 A). This reduction 
occurred at the same time as a reduction in gs of 92%, and a 2-fold and 17-fold decrease 
in 'Ll and T'pd, respectively (Fig. 3-1B, E & F). Jpsn declined from 98 ± 10 pmol e m'2 
s' to 64 ± 6 pmol e m ~ s' for drought-treated vines (data not shown). NPQ also 
increased dramatically by 68% to a value of 10 by the fourth day (Fig. 3-1D). 
Interestingly, despite a dramatic reduction in gs, C\ declined after the first day by 8%, 
and then remained steady, even increasing by the fourth day (Fig. 3-1C). On the fourth 
day the leaves on two of the vines had completely wilted so gas exchange 
measurements and leaf chlorophyll fluorescence measurements were not made on these 
plants. Leaf water potential was extremely negative both predawn and later in the 
morning (Fig. 3-1E & F). Despite contrasting water status, both chilled and drought 
treated vines exhibited a similar relationship between AsaX and gs throughout the 
treatment period (Fig. 3-2).
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Table 3-1. Average air and soil temperatures for chill-, drought- and control-treated grapevines 
during predawn and mid-morning measurements. Each value is the mean ± SE of 3 days of 
measurements every 10 minutes.
T e m p e r a tu r e , °C T r e a tm e n ts
C o n tr o l a n d  D r o u g h t C h ille d
P r e d a w n  so il 21 ± 1 8 ± 1
M id -m o r n in g  so il 24 ±3 22 ± 1
P r e d a w n  a ir 20 ± 1 5.3 ±0.1
M id -m o r n in g  a ir 31 ±2
Field-grown vines did not exhibit any observable water stress subsequent to and during 
fours days of average overnight minima of 12.2 ± 0.7°C (Fig. 3-3). Predawn water 
potential remained high, similar to the glasshouse experiment, demonstrating a lack of 
soil water deficit. Neither was there a difference in leaf water potential observed 
between east facing leaves chilled in the light during early morning illumination and 
west facing leaves that experienced chilling under low light (Fig. 3-3). Leaf water 
potentials declined gradually from -0.1 to -0.2 MPa predawn down to -0.87 MPa by 
midday and then partially recovered throughout the afternoon, even in west facing 
leaves (Fig. 3-3).
When petioles of glasshouse-grown Riesling leaves were cut underwater and the leaf 
exposed to 4°C in darkness for varying times, photosynthetic parameters subsequently 
measured at 25°C were unaffected (Fig. 3-4). Light- and C02-saturated photosynthetic 
O2 evolution ( P max), photosynthetic linear electron transport (Jpsn), non-photochemical 
quenching (NPQ) and the intrinsic quantum efficiency of PSII (FJFm) were all 
unaffected after 12 hours of dark chilling (Fig. 3-4).
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Figure 3-1. Mid-morning (10 am), light-saturated (710 ± 7 pmol quanta m'2 s'1) carbon assimilation, 
Asat (A), stomatal conductance, gs (B), intercellular C 0 2 partial pressure, Q  (C), non-photochemical 
quenching, AJPQ (D), leaf water potential, (E), and predawn leaf water potential, 'Fpo (F), for 
grapevine leaves during three consecutive days of treatment for control vines ( □ ) ,  vines chilled in
the dark at 5°C for 10 hours overnight ( □ ) ,  and for vines under mild drought conditions (O). 
Treatment began on Day 1. Ambient C 0 2 partial pressure was maintained at a constant 360 pbar 
C 0 2 for all treatments. Each point is the mean ±S E  of mature leaves from 4-6 plants.
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Figure 3-2. Mid-morning (10 am), light-saturated (710 ± 7 jimol quanta m 2 s'1) carbon assimilation, 
Asat, plotted against stomatal conductance, gs, for grapevine leaves exposed to three consecutive 
days of treatment for control vines ( □ ) ,  vines chilled in the dark at 5°C for 10 hours overnight (□ ) ,  
and for vines under mild drought conditions (□ ) .  Each point is the mean ± SE of mature leaves 
from 4-6 plants.
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Figure 3-3. Diurnal time course of leaf water potential, 'Fl, for field-grown east ( □ )  and west ( □ )  
facing grapevine leaves. The site experienced four consecutive nights of low overnight minimum 
temperatures below 15°C with the average being 12 ± 1°C. Minimum temperature on this 
particular day was 10°C. Measurements were taken using exposed, fully expanded mature leaves.
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Figure 3-4. Intrinsic quantum efficiency of PSII, FJFm, (A), photosynthetic linear electron 
transport, JPsn, (B), light- and C 0 2-saturated rate of 0 2 evolution, Pmax, (C) and non-photochemical 
quenching, NPQ, (D) plotted against time of treatment in darkness at 4°C for glasshouse-grown 
grapevine leaf discs (Vitis vinifera L. cv. Riesling). Each point is the mean ± SE of three 
measurements. Measurements were made simultaneously under 1200 pmol quanta m'2 s'1, 25°C, 
100% relative humidity and 1% C 0 2 conditions.
3.3.2 The effect of low temperature on photosynthetic and stomatal function
Under saturating light conditions, lowering leaf temperature induced a reduction in 
stomatal conductance (gs) even when vapour pressure difference was kept low and 
reduced with temperature (Fig. 3-5A & B). gs declined from 403 to 80 mmol H2O m'V1 
under a relatively constant Cj of 257-286 pbar CO2 (Fig. 3-5B). At a constant 
intercellular CO2 partial pressure (Cj ~ 280 pbar CO2) and an O2 partial pressure of 210 
mbar, ^ sat declined with limiting leaf temperature (Fig. 3-6A & B). Upon lowering of 
the oxygen partial pressure from 210 mbar O2 to 20 mbar O2, photosynthetic CO2 
uptake was stimulated under warm conditions. However, this sensitivity was reduced 
and even partially reversed at lower leaf temperature (Fig. 3-6A).
Chapter 3: Chilling-Induced Stomatal Closure 61
1.00
0.75
(U
CL
§■
0.50
0.25
0.00
400
'</>
C M
'E
O
300
- •  100o>
^  ° c
Figure 3-5. Leaf vapour pressure difference, vpdL, and leaf stomatal conductance, gs, plotted 
against leaf temperature, TXeaf, for V. vinifera cv. Riesling vines. Leaves were illuminated at 800 
pmol quanta m'2 s'1, 360 pbar C 02, 210 mbar 0 2 (balance N2). C\ and A values are shown in Fig. 3- 
9. Each point is the mean ± SE of 1-4 leaves.
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Figure 3-6. Light-saturated carbon assimilation rate, Asat, (A) and intercellular C 0 2 partial 
pressure, C„ (B) plotted against leaf temperature at 210 mbar 0 2 (□ )  and 20 mbar 0 2 (□ )  for 
grapevine leaves (V. vinifera L.). Each point is the mean ± SE of 3-4 leaves. Light intensity was 800 
pmol quanta m'V1.
3.4 D iscussion
3.4.1 Chilling-induced stomatal closure in the absence of water stress
The results of this study demonstrated that chilling did not induce a water stress in 
either glasshouse grown or field grown grapevines (Figs. 3-1 & 3-3). In the potted 
grapevine chilling trial (Fig. 3-1), chilled plants were exposed to low levels of 
irradiance subsequent to their removal from the cold room and were placed in a dry 
glasshouse environment. Despite this treatment, well-watered potted vines chilled in the 
dark did not exhibit a decrease in leaf water potential (*Fl) and there was no similarity 
between the TT responses of chilled and those of draughted vines during four days of
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consecutive treatment in the present study (Fig. 3-1). The predawn leaf water potentials 
OFpd) of between -0.1 and -0.2 MPa measured in this study are similar to the predawn 
values of -0.13 ± 0.01 MPa and -0.15 MPa reported for well irrigated field-grown vines 
by Maroco et al. (2002) and Escalona et al. (1999), respectively. The lack of water 
stress observed in this study may be explained by the observation that chilling-induced 
water stress requires an evapo-transpirational demand to exacerbate water loss (Wilson 
1976). This demand may not have been high enough to induce water stress during the 
early morning period. An alternative explanation is that stomatal closure allowed a full 
recovery of leaf water status before the mid-morning measurement of leaf water 
potential (Fig. 3-1). Under more physiologically relevant chilling conditions, however, 
well-watered field-grown plants showed no further decrease in leaf water potential for 
east facing leaves chilled in the light during the early morning period compared to west 
facing leaves exposed to light during much warmer conditions (Fig. 3-3). A study by 
Quick et al. (1992) observed a gradual decline in leaf water potential (TV) for warm- 
grown, irrigated potted grapevines from -0.2 MPa down to a minimum of -0.9 MPa. 
This is similar to the diurnal variation in TV for the field grown vines experiencing low 
overnight and early morning temperatures in our study (Fig. 3-3). Cold tolerant species 
such as pea and spinach also show no difference in leaf water potential either before or 
after chilling treatment for plants acclimated to either warm or cool growth temperatures 
(Wolfe 1991).
The lack of low temperature-induced water stress in both field- and glasshouse-grown 
grapevines implies that grapevine leaves in this study were able to close stomata in 
response to low temperature regardless of leaf water status. Both chilling in the dark 
(Fig. 3-1B) and chilling in the light at saturating light intensities and low vpdL (Fig.3-5) 
induced significant stomatal closure. This result confirms the observations of Flexas et 
al. (1999) where Riesling grapevines chilled in the light resulted in a reduction of light- 
saturated gs in the absence of water deficit. Vapour pressure difference can be ruled out 
as a factor in cold-induced stomatal closure since vpdL decreased with decreasing leaf 
temperature and was maintained well below 0.5 kPa (Fig.3-5A). Direct stomatal closure 
in response to low temperature shock can occur due to an increase in calcium uptake by 
guard cells from the surrounding medium (Wilkinson et al. 2001). Liu et al. (1978) 
observed stomatal closure in the absence of water stress for cold-acclimated grapevine
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subsequent to nights where minimum temperatures fell below 10°C. The results of the 
dark chilling experiment (Fig. 3-1) confirm this behaviour in grapevine. Low 
temperature events can prolong stomatal closure well into periods of higher temperature 
(Fig. 3-1). Increases in leaf ABA contents are believed to be responsible for prolonging 
this cold-induced stomatal closure (Lee et al. 1993, 1997; Perez de Juan et al. 1997). 
Rapid increases in leaf ABA confer chilling tolerance in rice and maize and thus may be 
involved in the avoidance of chilling-induced water stress in grapevine (Lee et al. 1993; 
Janowiak & Dorffling 1996).
Interestingly, the accumulation of ABA in the leaf can also confer increased resistance to 
PSII inactivation by low temperature exposure by enhancing xanthophyll cycle activity 
(Ivanov et al. 1995). This may partly explain the absence of net photoinactivation in 
chilled grapevine leaves (Fig. 3-1; Table 3-2). Indeed, under low temperature 
conditions, non-photochemical quenching that is predominantly related to 
photoprotective xanthophyll cycle activity in grapevines (Medrano et al. 2002) was 
increased subsequent to (Fig. 3-1) and during (Fig. 3-9) low temperature treatment (see 
Chapter 5 for further discussion of photoprotection).
The relationship between light-saturated photosynthesis (Asat) and gs measured at warm 
temperatures did not vary between overnight chill treatment or drought treatment 
although this relationship appeared to diverge from control leaves (Fig. 3-2). The Asat vs. 
gs relationship in this present study had a similar curvature to that measured for two 
other grapevine varieties Manto Negro and Tempranillo in a drought stress study by 
Escalona et al. (1999). For each gs value measured, however, Asat was significantly 
lower in the Riesling leaves compared to Manto Negro and Tempranillo (Fig. 3-2; 
Escalona et al. 1999). The Asat vs. gs relationship in this study also had a lower slope 
compared to measurements on the same variety grown in the field by Naor & Wample 
(1995). This implies a difference in varietal behaviour, growth/measurement conditions 
between the studies and/or some form of non-stomatal restriction of photosynthetic 
capacity.
The reduction in gs observed by Flexas et al. (1999) subsequent to overnight chilling 
was associated with a concurrent 40% loss of AsaX and a 40% loss of light- and CCL- 
saturated CL evolution ( P max)- Flexas et al. (1999) demonstrated that for Riesling vines,
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chilling in the dark was as severe as chilling in the dark followed by a brief illumination 
period while the plant was still cold. The results of this study are in disagreement with 
the findings of Flexas et al. (1999), showing instead that chilling in the dark induced no 
loss of photosynthetic capacity (Fig. 3-4). The Pmax values >25 pmol CL m‘2 s’1 
observed subsequent to dark chilling were considerably higher than that of dark chilled 
Riesling leaves measured under similar irradiances by Flexas et al. (1999), suggesting 
that another factor such as leaf age or growth conditions may have limited the 
photosynthetic capacity o f grapevines in the study by Flexas et al. (1999). From the data 
in this study, it can be concluded that dark chilling did not limit maximum grapevine 
photosynthetic capacity.
The difference between chilling in the dark versus chilling in the light appeared to be 
due to the presence of a non-stomatal factor involved in the concurrent reduction in leaf 
CO2 assimilation rate (Fig. 3-1 & Fig. 3-6). Dark chilling reduced ,4, gs and Cj (Fig. 3-1) 
but did not cause any loss of maximum photosynthetic capacity (Fig. 3-4). Although Cj 
did not decline by the same proportion as gs in this present study (Fig. 3-1), patchy 
stomatal closure in grapevines (Downton et al. 1988) may have led to an overestimation 
of intercellular CO2 partial pressures and hence an underestimation of the stomatal 
response to dark chilling. Leaves chilled in the light showed a reduction in A and gs 
even at constant vpdL and C; (Figs. 3-5, and 3-6). This implies that, at least for the 
treatments applied in this study, chilling in the dark was caused by a predominantly 
stomatal reduction of photosynthesis, whereas chilling in the light was a combination of 
stomatal and non-stomatal responses. Further, the lack of net photoinactivation in this 
study and other chilling studies from this thesis and elsewhere (Chapter 2 & 4; Flexas et 
al. 1999) suggests that this non-stomatal response is biochemical in nature. The 
reversed sensitivity to low O2 partial pressures is indicative o f end-product limitation of 
photosynthesis (Leegood & Edwards 1996) and will be further discussed in Chapter 4.
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3.5 Conclusions
In conclusion, it can be stated that low overnight temperature induced stomatal closure 
in grapevines in the absence of water stress, which in turn prevented further excessive 
water loss. Chilling in the dark for up to twelve hours did not reduce grapevine 
maximum photo synthetic capacity, indicative of a primarily stomatal limitation of 
photosynthesis. Chilling in the dark was therefore caused by a predominantly stomatal 
reduction of photosynthesis, whereas chilling in the light was a combination of stomatal 
and non-stomatal responses. The lack of net photoinactivation in this study suggested 
that this non-stomatal response was biochemical in nature and reversed sensitivity to 
low O2 provides evidence for end-product limitation of photosynthesis.
Chapter 3: Chilling-Induced Stomatal Closure 67
Chapter 4 Phosphate-limitation of
grapevine photosynthesis at low 
temperature
4.1 Introduction
Low temperature constrains the distribution of plants by limiting growth and 
reproduction (Berry & Björkman 1980). Berry & Raison (1981) state that the growth 
response to temperature is driven primarily by the temperature response of leaf 
photosynthesis. The relationship between growth and photosynthesis of grapevines has 
been determined both indirectly and directly in several studies where a direct linear 
correlation between photosynthetic carbon gain and plant biomass was found (Ferrini et 
al 1995; Miller et al. 1997).
Under the environmental stress of low, above freezing temperatures (0-15°C), certain 
processes can be suppressed to the extent that it becomes the rate-limiting step in 
photosynthesis. Chilling-induced stomatal closure can limit diffusion of CCL to the site 
of carboxylation (Chapter 3). Chilling-induced reduction in photochemical electron 
flow limits the production of chemical energy (ATP) and reducing power (NADPH) 
necessary for the regeneration of RuBP. Biochemistry downstream of the Calvin cycle, 
particularly sucrose and starch synthesis can be limited by low temperature thereby 
limiting the production of ATP and the regeneration of intermediates of the 
photosynthetic carbon reduction cycle (see Scheme 4-1; Leegood & Edwards 1996; 
Sage 2002). In addition, the Rubisco enzyme itself is subject to low temperature induced 
changes since the specificity factor of Rubisco increases with decreasing temperature 
and the kinetics of Rubisco are temperature dependent (von Caemmerer & Quick 2000).
Occasional short periods of chilling conditions during a generally warm period are 
common in temperate climates (Allen & Ort 2001). The results of Chapter 2 have 
demonstrated that low morning temperatures limit the photosynthetic carbon gain of the 
grapevine canopy in cool climate vineyards during spring and early summer when 
frequent chilling events are encountered (Chapter 2). This light chill phenomenon while 
associated with partial stomatal restriction of intercellular CO2 partial pressure above 
15°C is more likely a response to biochemical limitations below 15°C (Chapter 3 & 5).
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Scheme 4-1. The recycling of phosphate (Pj) between utilisation in photophosphorylation within the 
chloroplast thylakoid membrane and release by the processes of photosynthetic carbon reduction, 
photorespiration and starch synthesis within the chloroplast stroma; and by sucrose synthesis in 
the cytosol. PSII/PSI, photosystem II and I reaction centers, respectively; Cytb6f, cytochrome b6f 
complex; AJADP+ and NADPH, oxidised and reduced nicotinamide adenine dinucleotide phosphate; 
ADP/ATP, adenosine diphosphate and triphosphate, respectively; H+, proton; ATPase, ATP 
synthase; PPj, pyrophosphate; PGA, 3-phosphoglycerate; Rubisco, ribulose-l,5-bisphosphate 
carboxylase/oxygenase; RuBP, ribulose-l,5-bisphosphate, sFBP and cFBP, stromal and 
chloroplastic fructose-1,6-biphosphate, respectively; SBP, sedoheptulose-l,7-bisphosphate; Su7P, 
sedoheptulose-7-phosphate; Triose-P, triose-phosphate; FrucöP, fructose-6-phosphate; TPT, triose- 
phosphate translocator complex; P-Gly, glycolate-2-phosphate; GluclP, glucose-l-phosphate; 
ADPGIuc, ADPGlucose; Suc6P, sucrose-6-phosphate. The complete photorespiratory cycle is not 
shown as it involves three separate cell organelles. For a complete review see Douce & Heldt (2000).
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4.1.1 Biochemical limitations of leaf photosynthesis at low temperature
Falk et al. (1996) state that in general ‘stomatal limitation of leaf gas exchange cannot 
explain reductions in light-saturated photosynthetic rate during low temperature 
treatment.’ In some cold tolerant plants, there is a delay in stomatal opening and some 
reduction in photosynthesis during the first hours of the light period. This was clearly 
demonstrated for grapevines in Chapter 3 and was a result of stomatal closure. 
However, in addition to stomatal closure, low incidental temperature during 
illumination is known to induce a biochemical limitation of grapevine photosynthesis. 
These biochemical limitations may include a reduction in carboxylation efficiency due 
to a reversible down regulation of Rubisco activity, and/or limited RuBP regeneration.
4.1.1.1 Rubisco-limitedphotosynthesis at low temperature
Ribulose-l,5-bisphosphate carboxylase/oxygenase {Rubisco) is the primary 
photosynthetic enzyme responsible for catalyzing the carboxylation (photosynthesis) 
and oxygenation (photorespiration) of ribulose-l,5-bisphosphate {RuBP) in the 
chloroplast stroma (see Scheme 4-1; Salvucci 1989; Roy & Andrews 2000). The rate of 
carboxylation is limited by the availability of substrate, namely CCb and RuBP, the total 
concentration and level of activity of the Rubisco enzyme itself and, because Rubisco is 
both a carboxylase and an oxygenase, the competition for the enzyme active sites by Cb 
also limits the rate of CCb fixation (von Caemmerer 2000). Thus, any environmental 
stress that affects the capacity of any of these processes can potentially limit 
photosynthesis and hence plant productivity.
Loss of Rubisco activity may be involved in the low temperature limitation of grapevine 
photosynthesis as suggested by the loss of photosynthetic carboxylation efficiency at 
low temperature (Chapter 2). This chilling-induced reduction in Rubisco activity has 
been demonstrated to occur for other dark-chilled (Allen et al. 2000) and light-chilled 
(Byrd et al. 1995) species. Rubisco activity has been suggested to balance the rates of 
RuBP regeneration and triose-phosphate {Triose-P) production with RuBP 
carboxylation and Triose-P utilization, respectively (Sage et al. 1990). There will be a 
direct effect of temperature on Rubisco catalytic efficiency (Sage 2002), but Rubisco 
activation state also decreases when phosphorylated intermediate metabolites 
accumulate, the ATP/ADP ratio declines, free Pj is depleted and the concentration of 
RuBP becomes sub-optimal (Sharkey et al. 1986; Sage et al. 1990; Sharkey 1990; Portis
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1992). This has been observed in several species under end-product limitation and was 
suggested as having been mediated by Rubisco activase, which requires ATP (Salvucci 
1989). Recent evidence from two transgenic tobaccos confirmed that Rubisco activity is 
down regulated due to reduced activity of Rubisco activase, but that this was mediated 
either by ApH or the redox state of the thioredoxin pathway, rather than a limitation of 
RuBP regeneration by electron transport or any decline in stromal A TP/ADP ratio per se 
(Ruuska et al. 2000).
4.1.1.2 RuBP regeneration limitation at low temperature
RuBP regeneration becomes limited at low temperature and this can be due to one of 
three reasons: (1) the regeneration of RuBP reflects either the rate at which light­
harvesting and electron transport produce ATP and NADPH, (2) the rate at which the 
stromal bisphophatases regenerate RuBP in the photosynthetic carbon reduction cycle or 
(3) the rate at which end-product synthesis consumes triose-phosphates and regenerates 
inorganic phosphate (Pj) for photophosphorylation (Sharkey 1985; Allen & Ort 2001).
4.1.1.3 Limited electron transport and chronic photoinactivation
The regeneration of RuBP in the photosynthetic carbon reduction cycle requires 
adequate rates of ATP and NADPH production from light-driven thylakoid 
photochemistry. Low irradiance can directly limit the production of NADPH and ATP 
although this is not a low temperature specific phenomenon. Low temperature can 
directly impair the capacity for linear electron transport (Xu et al. 1999; Clarke & 
Johnson 2001) and has been explained as diffusional limitation of plastoquinone and 
plastocyanin through the membrane and lumen of the thylakoid, respectively (Ott et al. 
1999). Other studies have demonstrated that photosynthetic capacity is not limited by 
electron transport until more than 40% of PSII reaction centers have been 
photoinactivated (Lee et al. 1999). There is a large excess of PSII electron transport 
capacity not required for CO2 fixation at least under warm conditions. Chronic 
photoinhibition of the photosynthetic apparatus can limit the reduction of NADP+ to 
NADPH. The absence of any chronic net photoinactivation in grapevine leaves 
precludes this explanation (Chapter 2, 3; Chaumont et al. 1997; Flexas et al. 1999).
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4.1.1.4 Deactivation of stromal bisphosphatases by low temperature
Under warm conditions in the light, stromal fructose-1,6-bisphosphatase and 
sedoheptulose-l,7-bisphosphatase are activated by increasing pH and Mg“ and by the 
ferredoxin-thioredoxin system, which modifies cysteine groups on these target proteins 
(Stitt 1996). Thus, their activity is tightly coupled to the redox state of the chloroplast. 
Low temperature impairs the reductive activation of these stromal bisphosphatases in 
tomato (Sassenrath et al. 1990; Sassenrath & Ort 1990; Bruggemann et al. 1994) and 
maize (Kingston-Smith et al. 1997). A reduction in the activity of these enzyme could 
potentially lead to a reduction in the regeneration of RuBP and hence carboxylation at 
low temperature.
4.1.1.5 Phosphate can limit photosynthesis in vivo
It has long been known that photosynthesis can be limited in vivo by chloroplastic 
inorganic phosphate (Pi) concentration and that Pj plays a pivotal role in the short-term 
limitation of photosynthesis, particularly at low temperature (Sivak & Walker 1986). 
According to the review by Leegood & Edwards (1996), the evidence for phosphate- 
limited photosynthesis includes: (1) oscillatory behaviour of photosynthesis (Leegood & 
Furbank 1986), (2) an increase in the PGA/Triose-P ratio under CCL saturation 
indicating an increase in available NADPH and ATP, (3) an increase in sensitivity of 
photosynthetic rate to phosphate sequestering agents such as mannose, glycerol and 2- 
deoxyglucose (4) a broadening and increase in the optimum [Pj] range for 
photosynthesis, (5) a build up of phosphorylated intermediates in the photosynthetic 
carbon reduction cycle, and (6) an insensitivity of photosynthesis to reductions in CL or 
increases in CCL partial pressure at sufficiently low temperature where only feeding 
with exogenous inorganic phosphate will stimulate photosynthesis and return the 
sensitivity to CL and CCL (Leegood & Furbank 1986; Sharkey et al. 1986). The 
reduced/reversed sensitivity of photosynthesis to low CL partial pressures was observed 
as early as the 1960s (Joliffe & Tregunna 1968) and has since been demonstrated in 
many C3 species under varying environmental constraints, including low temperature 
(see Table 4-1).
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Table 4-1. C3 species known to exhibit varying degrees of feedback-limited photosynthesis.
Common name S p e c ie s Reference
A ra b id o p s is A ra b id o p s is  th a lia n a S titt &  H u rry  (2 0 0 2 )  a n d  re fe re n c e s  w ith in
B a rle y H o rd e u m  v u lg a re L a b a te  e t al. (1 9 9 0 )
B ean P h a se o lu s  v u lg a r is S h a rk e y  (1 9 8 5 )
C a p s ic u m /B e ll P e p p e r C a p s ic u m  a n n u u m S ag e  &  S h a rk e y  (1 9 8 7 )
C lo v e r T r ifo liu m  re p e n s S c h n y d e r  e t al. (1 9 8 4 )
C o c k le b u r X a n th iu m  s tru m a r iu m S h a rk e y  (1 9 8 5 )
C o tto n G o ssy p iu m  h irsu tu m P e re ra  e t al. (1 9 9 5 )
C o tto n w o o d P o p u lu s  fre m o n tii S ag e  &  S h a rk e y  (1 9 8 7 )
D e se r t  F ig  w o rt S c ro p h u la r ia  d e se r to ru m S h a rk e y  (1 9 8 5 )
H a iry -w illo w E p ilo b iu m  h irsu tu m G h a sh g h a ie  &  C o m ic  (1 9 9 4 )
H o a ry  c re s s C a rd a ria  d ra b a S ag e  &  S h a rk e y  (1 9 8 7 )
L o b lo lly  p in e P in u s  ta e d a S a m u e lso n  &  T e sk e y  (1 9 9 1 ) /M y e rs  e t al. (1 9 9 9 )
M a n d a r in C itru s  u n sh iu Ig le s ia s  e t a l. (2 0 0 2 )
M u s ta rd S in a p is  a lb a C o m ic  &  L o u a so n  (1 9 8 0 )
P e a n u t A ra c h is  h y p o g a e a B a g n a ll e t al. (1 9 8 8 )
P o ta to S o la n u m  tu b e ro su m S h a rk e y  &  V a sse y  (1 9 8 9 )
R ap e B ra ss ic a  n a p u s P au l e t al. (1 9 9 2 )
R ic e O ry z a  sa tiv a W in d e r  e t al. (1 9 9 8 )
S o y a b e a n G ly c in e  m ax F o y e r  (1 9 8 8 )
S o u r c h e rry P ru n u s  c e ra su s L a y n e  &  F lo re  (1 9 9 5 )
S p in ach S p in a c ia  o le ra c e a L e e g o o d  &  F u rb a n k  (1 9 8 6 )
S u n flo w e r H e lia n th u s  a n n u u s P au l e t a l. (1 9 9 2 )
T  o b a c c o N ic o tia n a  ta b a c u m P ie te rs  e t al. (2 0 0 1 )
T  o m a to L y c o p e rs ic o n  e sc u le n tu m S a g e  &  S h a rk e y  (1 9 8 7 )
W h e a t T rit ic u m  a e s t iv u m A z c ö n -B ie to  (1 9 8 3 )
W in te r  ry e S e c a le  c e re a le H u rry  e t a l. (1 9 9 4 )
Y e llo w to p  ( C 3 - C 4 ) F la v e r ia  lin e a ris M ic a lle f  &  S h a rk e y  (1 9 9 6 )
During photosynthesis, R u b isco  catalyses the carboxylation o f  ribulose-1,5-  
bisphosphate to form tw o m olecu les o f  glycerate-3-phosphate {P G A ) that is then 
reduced to triose-phosphate ( T rio se-P ) using both N A D P H  and A T P  (see Schem e 4-1). 
Under physio logica l conditions, the inorganic phosphate ( P i )  from A T P  incorporated  
into T riose-P  is recycled back to the chloroplast in order to sustain m axim um  rates o f  
A T P  synthesis (Paul &  Foyer 2001). The oxygenation  o f  R u B P  by R u b isco , called  
photorespiration, generates on ly  one m olecule o f  P G A  and one m olecu le o f  g lycolate-2-
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P but rapidly releases Pj into the stroma directly during hydrolysis of glycolate-2-P by 
phosphogylcolate phosphatase. The rate of Pj recycling is therefore dependent upon the 
rate of glycolate-2-P and Triose-P consumption by photorespiration and end-product 
synthesis, respectively (see Scheme 4-1). Processes of end-product synthesis include 
starch production in the chloroplast and sucrose and organic acid production in the 
cytosol and other cellular compartments, sucrose synthesis being the predominant sink 
under warm conditions.
Once Pj is released by sucrose synthesis, Pj must then be exchanged on a 1:1 basis with 
Triose-P at the chloroplast envelope via the triose-phosphate/phosphate translocator 
(TPT; see Scheme 4-1; Heidt & Flügge 1992). Pj released from all these processes is 
then utilised in photophosphorylation by ATP synthase. This occurs under illumination 
and requires a transthylakoidal ApH gradient to provide the proton motive force fox ATP 
synthase (Chow & Hope 2002).
If Triose-P is over-utilised by end-product synthesis, the pool of phosphorylated 
intermediates is depleted and RuBP cannot be regenerated. This phenomenon, however, 
is unlikely since sucrose biosynthesis has a threshold Triose-P concentration below 
which it is inhibited (Stitt 1996). This prevents end-product synthesis from limiting the 
photosynthetic carbon reduction cycle turnover. The alternative extreme is where 
Triose-P is under-utilised because end-product synthesis is too slow. Phosphorylated 
intermediates then accumulate and the net release of Pj is reduced. Under normal 
physiological conditions, when Triose-P rises above a threshold concentration, sucrose 
biosynthesis would be up regulated to prevent photosynthesis from becoming Pi-limited 
(Stitt & Hurry 2002). If sucrose synthesis cannot be sufficiently up-regulated or 
increased rapidly enough, then PGA!Pi ratios in the chloroplast stroma will increase 
activating ^fTPglucose pyrophosphorylase and thus transitory starch synthesis, 
maintaining Pj utilization and recycling (see Scheme 4-1; Herold 1976; Häusler et al. 
1998; Strand et al. 2000; Trethewey & Smith 2000).
Under warm conditions, these two responses to end-product synthesis allow the plant to 
maintain the rate of Pi recycling and ATP regeneration (Stitt 1996). However, at low 
temperature, key enzymes from both starch and sucrose synthesis has reduced activity
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and substrate affinity (Leegood & Edwards 1996). In this situation, the ability of 
transitory starch metabolism to maintain photosynthetic homeostasis is compromised. 
The significance of photorespiratory Pi recycling at low temperature also limited by the 
temperature dependence of photorespiration. The specificity factor of Rubisco favours 
carboxylation at low temperature and the solubility of CO: in water increases more 
rapidly than that of O2 at low temperature (Douce & Heldt 2000). Carboxylation of 
RuBP is therefore favoured over oxygenation at low temperature reducing the capacity 
for Pj regeneration via photorespiration. Other cellular processes such as mitochondrial 
respiration and amino acid synthesis can also contribute ATP as required by the 
chloroplast. Most cellular P j  (85-95%) is stored in the cell vacuole and the maximum 
rate of photosynthesis may be determined by the rate of Pj release across the tonoplast 
translocator (Hurry et al. 2000). Photosynthetic electron transport can also address 
imbalances between ATP and NADPH use via cyclic and pseudocyclic 
photophosphorylation. Despite these responses, low temperature can exhaust the 
capacity of these regulatory processes causing a departure from homeostasis and a 
concurrent reduction in metabolically available stromal and cytosolic P j .  Stitt (1996) 
states that, the half time of metabolites in the photosynthetic carbon reduction cycle is in 
the order of 0.1 to 3 s. Thus, a minor difference between the activities of two enzymes 
can result in the rapid accumulation of intermediates and the appearance of P; limited 
photosynthesis within minutes of a shift to below growth temperature (Stitt & Hurry 
2002).
During end-product limitation of photosynthesis, phosphate concentrations in the 
chloroplast stroma have been demonstrated to rapidly decline from 10 mM to 2 mM 
(Sharkey 1990). Although 2 mM appears quite high, approximately 1.5-2.5 mM of 
stromal orthophosphate is considered unavailable to carbon metabolism in the light 
(Furbank et al. 1987). Although chilling-induced end-product limitation of 
photosynthesis appears to be a drastic response to reduced Triose-P consumption, this 
process represents an effective short-term regulatory mechanism that maintains a 
balance between supply and demand of ATP and NADPH until longer term acclimation 
mechanisms can re-establish equilibrium (Paul & Foyer 2001). The depletion of 
chloroplastic P, is accompanied by an increase in ApH and a concurrent increase in non­
photochemical quenching (NPQ; Furbank et al. 1987). The ATP/ADP ratio is also
76 Chapter 4: Phosphate-Limited Photosynthesis at Low Temperature
reduced under these conditions implying that the increase in ApH and NPQ  was a 
response to limitation of photophosphorylation by low phosphate levels (Sharkey et al. 
1986; Furbank et al. 1987). The increase in ApH and NPQ  prevents over reduction of 
the photosystem reaction centers, and the concurrent reduction in the quantum 
efficiency of light harvesting limits the rate of electron transport for NADPH  production 
to more closely match the rate of NADPH  consumption downstream (Foyer et al. 1990). 
Under these conditions, there was no increase in net photoinactivation (Furbank et al. 
1987).
The threshold temperature below which reduced/reversed sensitivity to O2 and, 
presumably, end-product limitation occurs will decline with cold acclimation as 
demonstrated by Comic & Louason (1980) and more recently by Hikosaka et al. (1999). 
Long-term cold acclimation involves an increase in the activity and total leaf protein 
concentration of cytosolic fructose-1,6-bisphosphate (c.FBPase) and sucrose phosphate 
synthase (SPS; Hurry et al. 1995a, 1995b; Sowiriski et al. 1999; Hurry et al. 2000). This 
leads to a recovery of photosynthesis and a shift in carbon partitioning from starch back 
to sucrose. Interestingly some of the changes in photosynthetic metabolism that occur 
are a response to the development of acute Pj depletion during exposure to low 
temperature (Hurry et al. 2000). Metabolically available Pj increases in cold-acclimated 
plants and is likely due to cold-induced release of Pi from the vacuole (Strand et al. 
1999; Hurry et al. 2000). A recent study by Strand et al. (2000) discovered that the 
decreased expression of cFBPase rather than SPS, led to a reduction in sucrose 
synthesis, an accumulation of phosphorylated intermediates, Pj-limited photosynthesis 
and increased starch synthesis. Conversely, decreased expression of SPS did not lead to 
a restriction of end-product synthesis implicating cFBPase as the primary target in 
chilling-induced end-product limitation (Strand et al. 2000).
It has been suggested that species with a tropical or subtropical evolutionary history do 
not have the same capacity for cold acclimation as species from a more temperate 
climate (Allen & Ort 2001). One possible explanation is that species originating from a 
warm climate predominantly possess a symplasmic mode of phloem loading that is 
inherently more temperature sensitive than the apoplasmic mode common to species 
from a more temperate climate (see discussion of Chapter 1 & 4; Gamalei et al. 1992,
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1994). This implies that the functional significance of end-product limitation is to 
balance source activity with sink demand (Paul & Foyer 2001). Manipulation of sink 
demand by shading can increase or feeding carbohydrate to a leaf can decrease 
photosynthetic rate via feedback mechanisms (Neales & Incoll 1968; Krapp et al. 1991; 
Pieters et al. 2001). Despite the evidence, for sink regulation of photosynthesis, the 
mechanism of assimilate suppression of enzymes of the sucrose biosynthesis pathway 
(and hence photosynthesis) has remained elusive (Stitt 1996; Paul & Pellny 2003). 
Regardless of the nature of this mechanism, end-product limitation of photosynthesis 
was observed in both glasshouse- and field-acclimated plants experiencing wide 
variation in temperature (Table 4-1; Sage & Sharkey 1987). This evidence suggests that 
either cold acclimation cannot completely prevent phosphate limitation of 
photosynthesis if the leaves are exposed to low enough temperature or that cold 
acclimation is incomplete when plants are exposed to wide temperature ranges. Thus, 
despite cold acclimation, end-product limitation of photosynthesis remains relevant 
under glasshouse and field conditions.
4.1.2 Photosynthesis modelling
The Farquhar et al. (1980) model of photosynthesis can be used to effectively evaluate 
the various processes limiting photosynthesis at low temperature. Farquhar & von 
Caemmerer (1982) introduced phosphate limitation of photosynthesis into the model. In 
this new model, at low O2 partial pressures the closer Y, is to zero the closer A 
approaches 3TP, where Tp is the rate of triose-P consumption [i.e. A -  3T — Rd ]. Harley
and Sharkey (1992) later modified this model to take into account reversed O2 
sensitivity of photosynthesis with the hypothesis that under feedback inhibition the 
stimulation of the rate of photosynthesis by reduced O2 partial pressures was dependent 
upon the rate of net phosphate release from photorespiration. This modified model was 
successfully demonstrated to predict metabolic limitations to photosynthesis of water 
stressed grapevines (Maroco et al. 2002). In our case, the accurate prediction of 
grapevine photosynthesis at low temperatures may be improved by incorporation of the 
triose-phosphate utilisation function into the photosynthesis model, particularly if the 
rate of photosynthesis is phosphate-limited.
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4.1.3 Experimental aims
The general aim of this study was to investigate the stomatal and biochemical processes 
that underlie the limitation of grapevine photosynthesis by low leaf temperature. Non- 
stomatal limitation of grape leaf photosynthesis has been demonstrated to occur 
subsequent to (Flexas et al. 1999) and during (Chapter 2) low temperature treatment. 
Both reductions in carboxylation efficiency and in light- and C02-saturated 
photosynthetic capacity suggest either Rubisco-limited or RuBP-limited photosynthesis. 
The second aim of this study was to determine whether Rubisco or RuBP regeneration is 
more important in determining the rate of photosynthesis at low temperature. The 
absence of chronic photoinactivation in field- and glasshouse-grown grapevines further 
suggests that limited RuBP regeneration is more likely due to end-product limitation 
(see Chapters 2 & 5; Chaumont et al. 1997; Flexas et al. 1999). Although end-product 
limitation of photosynthesis has been demonstrated for grapevines under drought and 
high light by using photosynthesis modeling (Escalona et al. 1999; Maroco et al. 2002), 
this has not been demonstrated to occur in grapevines at low temperature under ambient 
CO2 partial pressures. Both measurement and modeling approaches were used to 
investigate these processes in order to fine-tune the mechanistic model for more 
accurate prediction of grapevine photosynthesis at low temperature.
4.2 M aterials and M ethods
4.2.1 Glasshouse-grown plant material
Grapevine material (Vitis vinifera L. cv. Riesling) was grown under identical conditions 
to that described in Chapter 2.
4.2.2 Photosynthesis measurements
In all measurements of photosynthesis, the youngest, fully expanded leaves from the 
exposed outer layer of the canopy were used.
In the laboratory, photosynthesis measurements were made using an open circuit, 
temperature-controlled, infrared gas exchange system as described in Chapter 2.
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In glasshouse and laboratory experiments a pulse-amplitude modulated chlorophyll 
fluorometer (PAM 101 or PAM2000, Walz-Effeltrich, Germany) was used to determine 
(1) the intrinsic quantum efficiency of open PSII reaction centers under irradiance 
( ^ psii), (2) the linear electron transport rate through photosystem II (Jpsii) and (3) the 
level of non-photochemical quenching (NPQ) as described in Chapter 2. Leaf 
chlorophyll fluorescence was measured simultaneously with leaf gas exchange on the 
same area of leaf.
4.2.3 Photosynthetic irradiance response at low temperature
The response of grape leaf net CCL fixation and fluorescence yield to irradiance was 
determined at 25°C, 20°C, 15°C, 10°C and 5°C using the protocol described in Chapter 
2 .
4.2.4 Photosynthetic temperature response curves
Attached leaves were illuminated at 800 pmol quanta nf2 s' 1 at 30°C until steady state. 
Leaves were then subjected to lower temperatures in 5°C increments while keeping 
irradiance, vapour pressure difference and C, approximately constant at 800 pmol 
quanta m' s' , <0.5 kPa water vapour and 280 pbar CCL respectively. At each 
temperature, CL partial pressure was changed to 20 mbar CL for suppression of the 
oxygenase reaction of Rubisco.
Similar photosynthetic temperature response curves were undertaken with a Clark-type 
leaf disc CL electrode (Hansatech, King’s Lynn, Norfolk, UK) attached to a circulating, 
cooling water bath. Measurements were undertaken according to Walker (1989). Discs 
(1.3 cm“) were taken from glasshouse Riesling leaf and immediately floated abaxial side 
up on water in darkness. Leaf discs were then illuminated in the adaxial side (300 pmol 
quanta m‘2 s'1) while floating on water or a solution of 20 mM KH2PO4 (NaOH, pH = 7) 
at room temperature for 30 min followed by another 30 min dark acclimation on the 
water/solution before treatment. Leaf discs were then placed in the electrode and 
illuminated until steady state net CL evolution (approximately 20-40 min) at 190 pmol 
quanta m'2 s' 1 followed by 770 pmol quanta m'2 s' 1 at 25°C, 20°C, 15°C, 10°C or 5°C. 
The atmosphere inside the leaf disc cuvette was 1% CCL supplied by a bicarbonate 
solution at pH 9 and a relative humidity of 100%. Leaf discs were then removed and the
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intrinsic quantum efficiency of PSII photochemistry was derived from measurements 
using a leaf chlorophyll fluorometer (Plant Efficiency Analyser, Hansatech, King’s 
Lynn, Norfolk, UK) after 30 min dark acclimation.
4.2.5 Phosphate feeding experiment
Leaves were excised underwater from a glasshouse-grown plant and allowed to take up 
either distilled water or a solution of orthophosphate [Pj; 1 mM KH2PO4 (NaOH, pH = 
7)] overnight. The following day, leaves were then placed in the gas exchange chamber 
and illuminated at saturating light intensity (800 pmol quanta m'2 s'1), 25°C, 210 mbar 
O2 and 360 pbar CO2 until steady state photosynthesis was reached. For each leaf, A and 
Cj at 20 mbar and 210 mbar O2 were measured at 25°C, 15°C and 5°C leaf temperatures.
4.2.6 Biochemical modelling of leaf photosynthesis
The photosynthetic biochemical model of gas-exchange parameters for C3 plants were 
calculated according to the model of Farquhar et al. (1980) with revisions by von 
Caemmerer (2000) and modification by Sharkey (1985) and Harley & Sharkey (1991). 
In this model, the rate of CO2 fixation in response to irradiance, CO2 and O2 partial 
pressures and leaf temperature is the minimum of three potentially limiting partial 
processes. The first is the Ribulose bisphosphate (PwPP)-saturated or Rubisco-limited 
rate of CO2 fixation, Ac, described as:
Ac
(c-r.)K,„
C + K  c(\ + O t K  0)
- R (Equation 4-1),
where, C and O are the partial pressures of CO2 and CL, T* is the C3 compensation point 
in the absence of mitochondrial respiration (Pd) under irradiation, Kc and K0 are the 
Michaelis-Menten constants of Rubisco for CO2 and O2 and F cmax is the maximal 
Rubisco carboxylation rate. As can be seen from the equation, Ac is derived from the 
kinetic properties and abundance of the Rubisco protein complex (von Caemmerer 
2000). This equation relies upon the assumption that CO2 partial pressure in the 
chloroplast is similar to intercellular CO2 partial pressure.
The second potentially rate-limiting process is the RuBP-limited rate or electron 
transport-limited rate of CO2 fixation, Aj, described as:
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( C - r . y  
4 c  + 8H
(Equation 4-2),
This relationship relies on several assumptions including that four electrons are required 
to generate the three A TP, that two NADPH are required for RuBP regeneration and that 
the enzymes involved in regeneration of RuBP are not rate-limiting (von Caemmerer 
2000).
The final potentially rate-limiting process is the export-limited rate of CO2 fixation, Ap, 
described as:
or
(C - r . ) (3 7 ; )  
C - ( l  + 3flr/2)f.
- R (Equation 4-3),
where, Tp is the rate of triose phosphate export from the chloroplast and a  is the fraction 
o f glycolate carbon not returned to the chloroplast after recycling by the 
photorespiratory cycle (Farquhar & von Caemmerer 1982; Sharkey 1985; Harley & 
Sharkey 1991).
The temperature dependence of the kinetic parameter constants were described by an 
Arrhenius function, Parameter (T) = Parameter(25°C)exp[(25-r)J£V(298/?(273+r))], 
where T is the temperature in °C, R is the universal gas constant (8.314 J K '1 m ol'1) and 
E is the activation energy (kJ m ol'1) required for the reaction to proceed. Vcmax, Tp and 
R d  were estimated by fitting the model to measured photosynthetic CO2 response curves 
and «/max, was determined from light-saturated leaf chlorophyll fluorescence as described 
above. All other parameter constants were taken from von Caemmerer (2000).
In all cases where the model was used for predictive purposes, the following parameters 
(at 25°C) were used for grapevine leaves: Vcmax = 75-85 pmol m '2 s '1, Jmax = 140 pmol 
m '2 s '1 and Rd — 0.8 pmol m '2 s '1. These rates were calculated from CO2 response curves 
o f grapevine leaf photosynthesis at 1000 pmol quanta m'2 s’1 and 25°C. All other 
parameters were taken from von Caemmerer (2000) and each parameter, with the 
exception of F, (Bemacchi et al. 2002) was given a temperature dependence using the 
activation energies outlined in von Caemmerer (2000). The rate of triose phosphate 
utilization was given a value of 11.5 pmol m‘2 s '1 at 25°C and temperature dependence
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to simulate the restriction of carbon assimilation by limitation of phosphate recycling. 
The temperature dependence for the A p function was determined by fitting the equation 
used for all temperature dependent parameters:
(25-T)AHa)
Parameter = Parameterr50C)e^29*R(213+T)̂  [where AHa is the activation energy, R
(8.314 J K'1 mol’1) is the universal gas constant and T is the temperature in °C] to the 
light- and CCL-saturated rate of photosynthesis at the leaf temperatures 5°C, 10°C and 
15°C.
T, was calculated according to von Caemmerer (2000) using the equation T, (pbar) = 
n (25°cK[(25-n£/(2W272+n)] where r*(25°c) (37 pbar) is T, for leaves at 25°C (Farquhar et 
al. 1980), E (23.5 kJ mol'1) and is the activation energy for T.. Under the assumption C 
= Cc the following equation was used: Cc = Q -  A/gm where gm is the leaf mesophyll 
conductance for CCL (von Caemmerer 2000). gm at 25°C was either assumed from the 
relationship between A and gm described in von Caemmerer & Evans (1991) to be 0.3 
mol CO2 m'2 s'1 bar'1 and given the temperature dependence detailed in Bemacchi et al. 
(2002) for modeling purposes. Where a mesophyll conductance was assumed, the 
derived quadratic equations for Rubisco-limitQd and RuBP-limited photosynthesis were 
used as described in von Caemmerer (2000).
4.2.7 Metabolite measurements
Leaves were stabilized at 360 pbar CO2, 210 mbar O2 and at an average leaf 
temperature of either 25°C or 10°C in a leaf chamber connected to a portable open- 
circuit gas exchange system (LI-6400, LICOR, Lincoln, NE, USA) and a modified 
rapid-kill apparatus as described by Badger et al. (1984). Each leaf was then illuminated 
at 1000 pmol quanta m'“ s’ using a projector lamp. Excess heat was screened from the 
lamp using glass heat filters. After leaves had reached a steady state they were rapidly 
freeze clamped in situ using copper rods cooled to -80°C. Rubisco carbamylation state 
and metabolite pools were then measured from leaf disc halves (2.67 cm“) stored at -  
80°C.
Frozen leaf disc samples were ground in liquid nitrogen and extracted in buffered 5% 
perchloric acid. Samples were then heat treated at 60°C for 5 min and then spun in an
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Eppendorf centrifuge. An aliquot of the supernatant was neutralized with 3 M K2CO3 to 
pH 6-7. Samples were then assayed for Triose-P, PGA and RUBP in a dual beam 
spectrophotometer according to He et al. (1997).
4.2.8 Measurement of Rubisco carbamylation state
Leaf discs (1.2 cm“) were placed adaxial side-up on moist filter paper in a petrie dish 
floating on a water bath. The water bath temperature was varied such that during 
illumination leaf disc temperature was 26.3 ± 0.3°C, 20.6 ± 0.3°C, 14.8 ± 0.1 °C, 10.3 ± 
0.3°C and 4.4 ± 0.2°C. Air (350 pbar CO2, 210 mbar O2, balance N2) was passed 
through a humidifier that was equilibrated to the water bath temperature over the leaf 
discs. Leaf discs were then illuminated from above at 1090 ±13 pmol quanta m'“ s’ for 
20 min, after which time the leaf discs were immediately frozen in liquid N2.
Frozen samples were ground in the presence of CCL-free extraction buffer (350 mM 
EPPS pH 8.0, 1% (w/v) Polyvinylpolypyrrolidone (PVPP), 10 mM EDTA, 25 mM 
dithiothreitol (DTT), 2% (w/v) Casein, 6% (v/v) polyethylene glycol (PEG) and 0.1% 
(v/v) Triton) and 4% (v/v) Complete Protease Inhibitor Cocktail (P9599, Sigma- 
Aldrich). The extract was spun in a bench top Eppendorf centrifuge for 30 s and 1.8 jliL 
of 110,000 cpm nmof1 2’-carboxy-D-arabinitol-l, 5-bisphosphate (14CABP) was added 
to 100 mL aliquots of the supernatant. In order to measure the initial number of active 
sites present in the sample, it was incubated on ice for 30 min before 3 pL of unlabelled 
19 mM CPBP was added and the total solution incubated at room temperature for 10 
min. For the total number of active sites in the sample, 1.8 pL of 14CABP was added to 
a 100 mL aliquot of the supernatant that had been previously incubated for 10 minutes 
with 3.5 pL 0.5 M NaHCO.3 and 1.8 pL 1 M MgCL to obtain maximal Rubisco activity. 
Samples were then loaded onto low-pressure filtration columns filled with a fine gel 
media (Sephadex G50 Fine, Pharmacia). The sample was then filtered through the 
column to separate Rubisco bound from unbound 14CABP, and fractions by volume of 
the bound 14CABP sample were measured in a scintillation counter.
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4.2.9 Electrolyte leakage measurements
Leaf discs were collected either from glasshouse-grown Riesling leaves or from 
Riesling leaves grown in the field and washed before measurement. Leaf electrolyte 
measurements were made according to the principles outlined in Prasil & Zamecnik 
(1998). Leaf discs (1.2 cm“) were randomly assigned to a glass tube with 1 mL of de- 
ionised HPLC-grade water with a background conductivity of 0.013-0.016x10“ pS. 
Tubes were then capped and placed in a controlled water bath in darkness for varying 
periods at constant or varying temperature. For the response of leaf disc electrolyte 
leakage to temperature, leaf discs were incubated at 25°C for 30 min before the samples 
were then cooled at a rate of 2°C h '1 down to a minimum of 3°C. For the response of 
leaf discs to time under dark chilling, leaf discs were incubated at 5°C for up to 24 hours 
and sampled regularly. At each chosen temperature or time point leaf discs were 
removed and allowed to warm at room temperature for 10 min before another 3 mL of 
water was added to the sample. Conductivity was measured with a conductivity meter 
(LC81 Conductivity Meter, TPS, Brisbane, Australia) and then returned to the original 
test-tube and incubated overnight for 14 hours at room temperature before conductivity 
was measured again. In order to determine total ion content the leaves frozen in liquid 
Nt2. The samples were rapidly thawed and incubated overnight before the addition of 
another 3 mL of water followed by a conductivity measurement. Chilling-induced 
electrolyte leakage is expressed as percentage of total electrolyte leakage after cell lysis.
4.3 Results
4.3.1 The effect of low temperature on photosynthesis
The combined influence of light and temperature on photosynthetic CCL assimilation 
rate (A) is shown in pot-grow grapevines in Figure 4-1, measured simultaneously in 360 
pbar CO2 and 210 mbar O2 (balance N2). Asat was reduced from 12.9 ± 0.9 pmol CO2 m' 
2 s'1 to 3.6 ± 0.2 pmol CO2 m‘2 s"1 by lowering leaf temperature from 25°C to 5°C (Fig. 
4-1). 4̂Sat at 1200 pmol photons m'2 s'1 had a Q10 of 1.87 ± 0.19 from 5-25°C (p < 
0.0001, R = 0.99). The relationship between A and stomatal conductance, gs, followed a 
sigmoidal relationship at temperatures above 15°C (Fig. 4-2). Below 15°C, however, the 
A vs. gs relationship became more insensitive to stomatal conductance, as demonstrated
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by the 5°C and 10°C curves (Fig. 4-2). At equivalent A, gs were reduced and A became 
progressively more insensitive to changes in gs at temperatures below 15°C (Fig. 4-2).
400 800 1200 1600 2000
PAR, |jmol quanta m' 2 s ' 1
Figure 4-1. Net C 0 2 assimilation rate, A, plotted against photosynthetically active radiation, PAR, 
in air for grapevine at five leaf temperatures: 25°C (□ ), 20°C (□ ), 15°C (□ ), 10°C (•) and 5°C (□ ). 
Each point is the mean ± SE of 3-4 leaves. Ca = 360 pbar C 0 2, 210 mbar 0 2 (Balance N2).
4.3.2 Low temperature-induced phosphate limitation of photosynthesis
The confirmation that part of the reduction in photosynthetic rate with low temperature 
treatment was non-stomatal was further investigated. The reduced/reversed sensitivity to 
O2 of A was observed in Fig. 4-3A & B. The stimulation of A by low O2 partial 
pressures was reduced from 36 ± 3% to -9 ± 5% showing both reduced and reversed 
sensitivity over a wide range of low temperatures (Fig. 4-3). In this experiment, 
simultaneous measurements of chlorophyll fluorescence revealed that Jpsn had a 
positive curvilinear relationship with leaf temperature (Fig. 4-3C). Jpsn was reduced 
with declining leaf temperature for both O2 partial pressures and was reduced in the 
presence of 20 mbar O2 relative to 210 mbar O2 values. At 5°C, Jpsn at both O2 partial 
pressures exhibited similar rates (Fig. 4-3C). Leaf values of non-photochemical 
quenching, NPQ, exhibited an approximately linear and negative relationship with leaf 
temperature (Fig. 4-3D). At warm temperature, the level of non-photochemical 
quenching, NPQ, increased when leaves were treated at 20 mbar O2 (Fig. 4-3D). This
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Stimulation of NPQ by low Cb partial pressures disappeared at leaf temperatures below 
10°C. The intrinsic quantum efficiency of PSII electron transport, FJFm, remained high 
throughout this experiment; FJFm ranged from 0.80 ± 0.01 to 0.81 ± 0.02 between 25°C 
and 5°C, respectively (Fig. 4-3).
100 150 200 250 300
gs, mmol H20  m s
Figure 4-2. The relationship between photosynthetic CO2 uptake, A, and stomatal conductance, gs, 
for grapevine leaves treated at varying light intensity and 25°C (□ ), 20°C (□), 15°C (□ ), 10°C (□ ), 
and 5°C (□ ) leaf temperatures. The A vs. gs relationship was varied by changing incident 
irradiance. Each point is the mean ± SE of 3-4 leaves.
The lack of a stimulation of A by low Cb at low temperature was reversed after addition 
of a phosphate solution to the leaf overnight (Table 4-2). At 25°C, the stimulation of 
control leaf A by 20 mbar Cb was 24 ± 3%. This stimulation disappeared at 15°C and at 
5°C, 20 mbar Cb suppressed A to 86 ± 2% of the rates at ambient O2 partial pressures 
(Table 4-2). In this experiment, an orthophosphate solution was fed to the leaf up the cut 
petiole overnight, the additional estimated orthophosphate concentration being 0.30 ±
0.03 mg g_l FW (^2.2 ± 0.02 mM). For the phosphate-fed leaves, the stimulation of 
photosynthetic CCb assimilation by low Cb partial pressures was retained at all leaf 
temperatures and was not a response to increasing Q (Table 4-2).
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Figure 4-3. Light-saturated carbon assimilation rate, Asat, (A), intercellular C 0 2 partial pressure, 
Cj, (B), apparent electron transport rate, / psii, (C) and non-photochemical quenching, NPQ, (D) 
plotted against leaf tem perature at 210 mbar 0 2 (□ )  and 20 mbar 0 2 (□ )  for grapevine leaves (V. 
vinifera L.). Each point is the mean ± SE  of 3-4 leaves. Light intensity was 800 pmol quanta m 2 s'1.
Light- and CCL-saturated grapevine leaf discs fed a 20 mM orthophosphate solution for 
one hour prior to measurement, exhibited higher rates of photosynthetic O2 evolution at 
low temperature than control leaf discs fed with water for the same period (Table 4-3 & 
4-4; p < 0.001). Both control and phosphate-fed leaf discs showed a positive, curvilinear 
response to leaf temperature (p < 0.001). Phosphate-fed leaves exhibited higher 
photosynthetic rates at both photosynthetically saturating (770 pmol quanta m 2 s’1; 
Table 4-3) and low (190 pmol quanta m'2 s’1; Table 4-4) light intensities. The 
percentage stimulation by additional phosphate increased with decreasing leaf 
temperature. This stimulation increased from 4% to 71% between 25°C and 5°C at 770 
pmol quanta m 2 and from -2% to up to 80% at 190 pmol quanta m 2 (Table 4-3 & 4-4). 
The phosphate stimulation peaked at 10°C and was lower at 5°C (69%) for leaf discs 
illuminated at 190 pmol quanta m 2 s'1. This treatment under moderate light and low 
temperature occurred without any evidence of net photoinactivation of PSII, measured
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as a decrease in FJFm of grapevine leaves dark-acclimated for 30 minutes after 
measurement (Table 4-3).
Table 4-2. Percentage stimulation of carbon assimilation,/!, and intercellular C 0 2 partial pressure, 
Cj, by 20 mbar 0 2 either with or without the addition of 1 mM orthophosphate in response to leaf 
temperature. Each point is the 20 mbar 0 2 value normalized as a percentage of values at 210 mbar 
0 2 and is the mean ± SE of 3-4 leaves. The average additional amount of KH2P 0 4 was 0.30 ± 0.03 
mg g"1 FW. Light intensity was 800 pmol quanta m'2 s'1.
Stimulation by 20 mbar O2
Leaf
temperature,
Light-saturated carbon 
assimilation, %
Intercellular CO2 partial
pressure, %
°C Control leaves Pi-fed leaves Control leaves Pi-fed leaves
25 124 ± 3 138 ± 4 96 ± 2 103 ± 2
15 99 ± 3 122 ± 2 102 ± 1 110 ± 2
5 86 ± 2 135 ± 4 100 ± 1 102 ± 1
4.3.3 The temperature response of Rubisco carbamylation state
The aim of this experiment was to determine whether Rubisco carbamylation status 
(which is a measure of the number of carbamylated active Rubisco enzyme sites) is 
reduced or increased in response to chilling-induced phosphate limitation. Rubisco 
carbamylation state of grapevine leaf discs illuminated for 20 minutes under varying 
conditions showed a positive, linear relationship with leaf temperature (Fig. 4-5; p -  
0.003; R“ = 0.68). In this experiment, hypostomatous leaves were placed abaxial side 
down on moist filter paper and illuminated from above at varying leaf temperatures. In 
order to avoid any interference from a potential lack of CO2 diffusion to the chloroplast 
via a high boundary layer conductance, carbamylation state was normalized to the value 
at 25°C and was reduced from 100% to 47 ± 8% between 25°C and 5°C (Fig. 4-5). The 
actual initial carbamylation state was 38 ± 4% at 25°C. The total population of Rubisco
'y
sites was constant across all leaf temperature treatments (22-24 pmol m'~; Fig. 4-5).
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Table 4-3. Light-saturated net photosynthetic 0 2 evolution and post-illumination, dark-acclimated 
intrinsic quantum efficiency of PSII, FJFm as a function of leaf temperature for Riesling grapevine 
leaf discs (1.3 cm2). 0 2 evolution was measured in 1% C 0 2; 100% humidity atmosphere during 
illumination at 770 pmol quanta m"2 s'1. Leaf discs were floated on either water (Control) or a 
solution of 20 mM K H 2P 0 4 (NaOH, pH = 7; +Phosphate) for one hour prior to treatment. Each 
point is the mean ± SE of 3-5 leaf discs. A different letter indicates a significant (p < 0.05) difference 
between columns.
Leaf
temperature
°C
0 2 evolution rate 
pmol m '2 s '1
Stimulation by 
phosphate 
(%Change)
Post-illum ination F JF m
Control + Phosphate Control + Phosphate
25 44.4 ± 2.3a 46.1 ± 2 .2 a +4 0.85 ± 0.02 0.84 ±0.01
20 33.7 ± 2.4b 37.4 ± 2 .8 b +11 0.86 ± 0.01 0.82±0.02
15 19.7 ± 1.3C 29.1 ± 3 .9 ° +47 0.87 ±0.01 0.84±0.01
10 13.7 ± 1E 22.6 ± 2.0f +65 0.85 ±0.01 0.83±0.01
5 7.8 ± 1G 13.4 ± 2.6h +72 0.83 ± 0.01 0.85±0.01
Table 4-4. Light-limited net photosynthetic 0 2 evolution as a function of leaf temperature for 
Riesling grapevine leaf discs (1.3 cm2). 0 2 evolution was measured in 1% C 0 2, 100% humidity 
atmosphere during illumination at 190 pmol quanta m'2 s'1. Leaf discs were floated on either water 
(Control) or a solution of 20 mM K H 2P 0 4 (NaOH, pH = 7; +Phosphate) for one hour prior to 
treatment. Each point is the mean ± SE of 3-5 leaf discs. See Table 4-3 for relevant dark-acclimated 
FJFm. A different letter indicates a significant (p < 0.05) difference between columns.
Leaf
temperature
°C
0 2 evolution rate 
pmol m '2 s"1
Stimulation by 
phosphate 
% Change
Control + Phosphate
25 37.0 ± 2.0a 36.3 ± 1.2a -2
20 23.8 ± 3.7b 30.3 ± 3.9C +27
15 12.4 ± 1.5° 21.3 ± 4 .5e +72
10 9.9 ± 0.8f 18.9 ± 2.5g +80
5 6.1 ± 0 .8 h 10.3 ± 2 .6 ' +69
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Figure 4-4. Normalised Rubisco carbamylation state of grapevine leaves in response to low leaf 
temperature after illumination at saturating irradiance (1090 ± 13 pmo! quanta m"2 s'1) in air (350 
pbar C 0 2, 210 mbar 0 2, balance N2) for 20 minutes. Each point is normalised to the measured 
values at 25°C. Each point is the mean ± SE of 3-4 measurements except at 20°C, which has only 
one point. The total number of Rubisco sites were 23 ± 2, 24 ± 1, 23 ± 4, 23 ± 3 and 22 ± 3 pmol m'\ 
for 25°C, 20°C, 15°C, 10°C and 5°C, respectively. The dashed line is a fitted linear regression (y = 
2.48x + 34.6%; R2 = 0.74; p  < 0.001).
4.3.4 Metabolite concentrations at low temperature
Since Rubisco activity is thought regulated to maintain homeostatic metabolite flux, one 
would expect that when Rubisco carbamylation state declines its substrate would 
increase. Gas exchange measurements prior to freeze killing of leaves for measurements 
of metabolite intermediates revealed that after 90 minutes in air at either low (10°C) or 
high (25°C), 4̂sat and gs were both limited by low leaf temperature and C\ was increased 
at 10°C (Table 4-5). Of the metabolites measured, only RuBP varied significantly with 
temperature, being reduced in total leaf concentration by 52% at 10°C (Table 4-5). This 
reduction in RuBP concentration significantly increased the Triose-P/RuBP ratio 2.5- 
fold and was accompanied by a marginal 20% reduction in PGA/Triose-P ratio.
4.3.5 The transition between photosynthetic partial processes at low temperature
Arrhenius plots of photosynthetic CO2 assimilation and electron transport were 
calculated to determine the breakpoint between different partial processes limiting 
photosynthesis at low temperature. The data demonstrate that there is a consistent
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breakpoint between 10°C and 15°C under ambient, CCL-saturating and low O2 
conditions, the average being 12.4 ± 0.3°C for both A and Jpsn (Fig. 4-6). However, 
under low CO2 conditions the breakpoint is less clear for electron transport (Fig. 4-6G) 
and is below 10°C for carbon assimilation (Fig. 4-6H).
Table 4-5. Photosynthetic rate (Asal), stomatal conductance (gs)> intercellular C 02 partial pressure 
(Cj), several intermediate metabolite concentrations of the carbon reduction cycle, and metabolite 
ratios after 90 minutes under saturating (1000 gmol quanta m'2 s'1) irradiance and two different 
leaf temperatures. Each value is the mean ± SE of 3-13 leaves. A different letter indicates a 
significant (p < 0.05) difference between columns.
Leaf temperature, °C 25.6 ± 0.2 10.5 ±0.2
Asat, gmol C02 m'2 s'1 10.8 ± 0.3a 6.7 ± 0.3b
Cj, gbar 203 ± 7C 240 ± 1D
gs, mol H20  m'2 s'1 0.149 ±0.004E 0.122 ±0.002F
Triose-P 182 ± 26G 211±19g
RuBP, umol m'2 94 ± 9h 45 ±6'
PGA, gmol m'2 126 ± 11J 114 ± 11J
Triose-P/RuBP 2.2 ± 0.5k 5.1 ±0.7l
PGA/Triose-P 0.69 ± 0.07m 0.56 ± 0.06m
Measurements of electrolyte leakage from grapevine leaf discs were obtained in order to 
evaluate the possibility that lipid phase transitions at low, above freezing temperatures 
determine the breakpoint in photosynthesis between 15°C and 10°C (Fig. 4-7). Leakage 
did not increase with up to 24 hours at 5°C (Fig. 4-7A) or between the temperature 
range of 3°C to 25°C (Fig. 4-7B). There was no increase in leakage for either warm- 
acclimated leaves grown in the glasshouse (Fig. 4-7A) or cold acclimated leaves from 
the field (Fig. 4-7B).
4.3.6 Modelling phosphate-limited photosynthesis
A comparison between the photosynthesis model with or without the triose-phosphate 
utilization (7» function added and actual measurements of photosynthetic CO2 response 
curves (Fig. 4-8) and temperature response curves at relatively constant C\ (Fig. 4-9) 
revealed that the addition of a temperature dependent 7> improved the predictive 
accuracy of grapevine photosynthesis at low leaf temperature. The fitted temperature 
dependence for Tp resulted in an activation energy of 64 ± 7 kJ mol' (/?“ > 0.99).
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Modeled RuBP-limited photosynthesis without the A? function significantly 
overestimated the light and CO2 saturated rates of photosynthesis at temperatures below 
20°C (Fig. 4-8). It is interesting to note that the equation A = 3T — Rd was adequate
for the modeling of these data sets since there was no reversed sensitivity to CO2 partial 
pressure.
1.2
1.1
1.0 is</>
09  ^  
0.8 -2
0.7
1.4
1.2 i
1 . 0  § >
1.2
1.0
wW)
0.8 ^
O)
0.6 °
0.4
0.5
<r>
0.3 ^  
o>
0.2 °
0.0033 0.0034 0.0035 0 .00360.0033 0.0034 0.0035 0.0036
1 it, k ' mt, k:1
Figure 4-5. Arrhenius plots of photosynthetic linear electron transport through PSII, JPSn (A, C, E) 
and photosynthetic C 0 2 fixation, A (B, D, F). Leaves were illuminated at 800 pmol quanta m'2 s'1 in 
either air (210 mbar 0 2; 360 pbar C 0 2; Balance N2; A, B), high C 0 2 (210 mbar 0 2; 2000 pbar C 0 2; 
Balance N2; C, D) low 0 2 (20 mbar 0 2; 360 pbar C 0 2; Balance N2; E, F) or low C 0 2 (210 mbar 0 2; 
100 pbar C 0 2; Balance N2; G, H) conditions. Data are replotted from Figs. 2-7 and 3-7. Each point 
represents the mean ± SE of 3-4 leaves. Leaf temperature in °C is shown in the top axis for 
reference.
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Figure 4-6. Leaf disc electrolyte leakage after treatment at 5°C for varying time (A) or varying leaf 
disc temperature (B). Leaf disc electrolyte leakage is expressed as a percentage of maximum 
leakage after complete lysis by Liquid N2. In panel B leaf temperature was reduced by 2°C h'1. In 
panel B, leaf discs originated from both upper (□,□) and lower ( • ,□ )  sites and both east (□ ,• )  and 
west (□,□) facing canopy aspects of the Stringybark Hill Riesling vineyard. Each point is a mean ± 
SE of 4-5 leaf discs.
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Figure 4-7. Measured (□ ; from Fig. 2-7) and predicted carbon assimilation,/!, with (—) or without
(—) the A? function added, plotted against intercellular C 02 airspace partial pressure, Cj, for 
varying leaf temperatures between 5°C and 2 5°C . Note the different scale for each panel.
Chapter 4: Phosphate-Limited Photosynthesis at Low Temperature 95
O
O
 |oiurl V
Figure 4-8. Photosynthetic temperature response curve for grapevine leaves at 360 mbar C 02 and 
210 mbar 0 2 in air. Data in filled circles represent measured data from Fig. 3-11. The dark grey, 
light grey and black lines represent the modelled temperature response of phosphate-limited (Ap), 
/JwÄP-limited (Aj) and Rubisco -limited (Ac) photosynthetic rates, respectively. Fcmax = 85 pmol m'2 
s'1, Jmax = 130 pmol e m'2 s'1 Tp = 11.5 pmol m'2 s'1 and gm= 0.3 mol C 02 nT2 s'1 bar"1, 210 mbar 0 2, 
Ca = 360 pbar C 02 (Balance N2).
4.4 D iscussion
4.4.1 Biochemical limitations of photosynthesis at low temperature
The maximum rate of light-saturated photosynthesis at ambient or saturating CO2 partial 
pressure is dependent upon incidental leaf temperature, with low temperature limiting 
photosynthetic capacity in the absence of a reduction in CO2 availability or net 
photoinactivation of PSII (Figs. 4-1,4-3, Tables 4-3, 4-4). The relationship between AsaX 
and gs measured at 25°C in Figure 5-2 overlapped with the Manto Negro and 
Tempranillo relationships reported by Escalona et al. (1999). However, grapevine 
leaves treated at temperatures below 15°C became more insensitive to changes in gs 
implying some form of non-stomatal control of leaf photosynthetic rate at low 
temperature (Fig. 4-2). This result confirms the observations in Chapter 2 where relative 
stomatal limitation of photosynthesis declined to 0% below 15°C (Table 2-3). Below
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15°C, therefore, non-stomatal processes become more important in determining 
photosynthetic rate.
4.4.2 Grapevine leaves are phosphate-limited at low temperature
Three pieces of evidence suggest that phosphate limitation of photosynthesis in 
grapevines at low temperature is important: (1) reduced/reversed O2 sensitivity (Fig. 4- 
3), (2) stimulation of photosynthesis by feeding of inorganic phosphate (Pj; Tables 4-3 
& 4-4) and (3) the return of O2 sensitivity by Pj feeding (Table 4-2). The return of the 
O2 sensitivity and stimulation of the capacity of photosynthesis after feeding of Pi has 
been demonstrated previously by various authors over a wide range of low leaf 
temperatures (Leegood & Furbank 1986; Labate & Leegood 1988). The stimulation of 
grapevine photosynthetic capacity by the addition of Pj was similar to the trend reported 
by Labate & Leegood (1988) where the stimulation by Pj was greatest, and therefore Pj 
limitation more extreme at temperatures below 15°C. The greatest stimulation by Pj was 
between 65-80% that of controls in this present study (Tables 4-3 & 4-4), which is more 
than double that reported for barley leaves by Labate & Leegood (1988) at equivalent 
temperature. Phosphate-stimulated photosynthesis and reversed/reduced O2 sensitivity 
are considered common symptoms of end-product limitation of photosynthesis by low 
temperature in many species (Sharkey 1985; Sage & Sharkey 1987; Labate & Leegood, 
1988; Paul et al. 1992; Ghashghaie & Comic 1994). Grapevines may therefore be 
limited to a greater extent by end-product limitation than barley at low temperature or 
the discrepancy may lie in the different methods (O2 evolution vs. CO2 assimilation) 
and/or the different CO2 partial pressures (1% CO2 vs. 800 pbar CO2) used in both 
studies.
The temperature-dependent O2 sensitivity of photosynthetic electron transport (,/psii) and 
non-photochemical quenching (NPQ) support the existence of end-product limitation at 
low temperature in grapevines (Figs. 4-3C & D; Foyer et al. 1990). Sharkey et al. 
(1986) show that at light-saturation in bean leaves non-photorespiratory conditions 
reduced Jpsn. This also occurs in grapevine leaves at low temperature (Fig. 4-3) and is 
suggested to be due to end-product limitation since under photorespiratory conditions 
the rate of Triose-P utilization becomes dependent upon photorespiration as a net source 
of phosphate (Sharkey et al. 1988). This phenomenon was also reported for Epilobium
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hirsutum leaves at low temperature (Ghashgaie & Comic 1994). Under similar 
irradiance, F. pringlei and bean leaves treated at low temperature exhibited no 
difference between ambient and non-photorespiratory conditions suggesting that this 
observation is either species-specific or influenced by growth conditions (Oberhuber & 
Edwards 1993).
4.4.3 Phosphate limitation restricts RuBP regeneration
The reduction in RuBP pool size observed here (Table 4-5) is also a demonstration of 
the phosphate limitation of photophosphorylation, and hence RuBP regeneration, at low 
temperature as postulated by Leegood & Furbank (1986) and Sharkey et al. (1986). All 
kinase reactions requiring ATP are limited by end-product limitation of 
photophosphorylation thus decreasing RuBP (Sharkey 1990). The 58% reduction in 
RuBP pool size previously demonstrated in tomato by Byrd et al. (1995) is comparable 
to the 52% reduction observed for grapevines in this study (Butz & Sharkey 1989; 
Table 4-5).
The 2.3 fold increase in the Triose-P/RuBP ratio at 10°C is indicative of a restriction in 
RuBP regeneration (Table 4-5; Leegood & Edwards 1996) and the 20% reduction in the 
PGA/Triose-P ratio suggests that the supply of ATP and reductant is either sufficient or 
less affected by low temperature (Stitt & Grosse 1988; Labate et al. 1990). In this case 
perhaps inactivation of stromal bisphosphatases is occuring under chilling conditions as 
has previously been noted in tomato (Bruggemann et al. 1994). Future confirmation of 
the role of stromal bisphosphatases in chilling sensitivity of photosynthesis is required 
and a possible approach would be by measurement of the leaf concentration of the 
metabolites sedoheptulose-l,7-bisphosphate and stromal fructose-1,6-bisphosphate and 
the activity of the enzymes sedoheptulose-l,7-bisphosphatase and stromal fructose-1,6- 
bisphosphatase (sFBPase) before and after a chill-light treatment. Considering 
grapevine is chilling-tolerant relative to species such as maize (Kingston-Smith et al. 
1997) and tomato (Bruggemann et al. 1994) and that chilling tolerant varieties of 
tomato do not exhibit inactivation of sFBPase, I suggest that this process is likely 
unaffected. Further, sFBPase is FLCL sensitive (Payton et al. 1997) and since there is 
very little Mehler reaction at low temperatures in grapevine leaf (see Chapter 5.0) we 
would have to assume that chilling-induced loss of sFBPase via FLCL degradation is 
limited.
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The increased sensitivity of photosynthesis at low light intensities (Table 4-4) may be 
explained as an exacerbation of RuBP regeneration by restricted linear electron 
transport. Shaded leaves, such as those inside the grapevine canopy, may be relatively 
more sensitive than exposed leaves if the temperature is low enough. Under end-product 
limitation of photosynthesis in spinach leaves, RuBP levels also declined appreciably 
(Leegood & Furbank 1986). More importantly, however, was the observation that RuBP 
pool size at low temperature was increased by addition of phosphate (Leegood & 
Furbank 1986). These observations should be tempered by the fact that Sharkey et al. 
(1986) observed a recovery of RuBP levels after 18 minutes of treatment at warm 
temperature. This may be interpreted as a re-establishment of photosynthetic 
equilibrium by reduction in Rubisco carbarnylation state in response to a decrease in 
ATP/ADP ratio and hence RuBP (Sharkey et al. 1990). However, the observations in 
this study demonstrate that RuBP levels remain low after 90 minutes at 10°C compared 
to warm temperature treated grapevine leaves (Table 4-5).
4.4.4 Limited RuBP regeneration is not mitigated by reduced Rubisco activity
The reduction in RuBP levels may be due to an inability to increase Rubisco activity and 
maintain turnover of the photosynthetic carbon reduction cycle. Evidence for this is the 
35% reduction of Rubisco carbamylation state after short-term 10°C treatment (Fig. 4-5) 
that is similar to that reported for bean leaves transferred from 25°C to 10°C in the light 
(Holaday et al. 1992). One would expect that RuBP pool size would increase at low 
temperature if Rubisco activity were sufficiently reduced to limit flux through the 
Calvin cycle (Sassenrath & Ort 1990; Sage 1990; Sharkey 1990). This increase is not 
apparent in grapevine leaves at low temperature indicating either that Rubisco 
carbamylation state is unable to maintain homeostasis because it remains above the flux 
limiting level or that the Rubisco carbamylation state is reduced in response to another 
low temperature-related factor. Holaday et al. (1988) demonstrated that Rubisco is 
deactivated at low temperature in bean without any loss of reductive capacity measured 
as NADP-Malate dehydrogenase activity. Ruuska et al. (2000) further suggested that 
regulation of Rubisco activase is mediated by thioredoxin or ApH rather than the 
capacity to regenerate RuBP. The increase in trans-thylakoid ApH and redox state of the 
ferredoxin pool, indirectly measured as an increase in NPQ and Qa redox state at low 
leaf temperature (Figs. 4-3; 5-13), may deactivate Rubisco activase and inhibit Rubisco
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activity in association with, but independent of, a reduction in RuBP level and 
ATP/ADP ratios.
4.4.5 Phosphate-limited photosynthesis in the field and cold acclimation
The existence of O2 insensitivity in the glasshouse-grown grapevines does not 
necessarily imply its prevalence in the field since end-product limitation is only a short 
term response to low temperature conditions until longer term photosynthetic gene 
expression recovers photosynthetic capacity (Paul & Foyer 2001). Most plants are able 
to acclimate to low growth temperature and the acclimation response of photosynthesis 
is primarily of a metabolic nature in response to cold-induced P; deficiency and energy 
imbalance between photochemistry and carbon metabolism (Badger et al. 1982; Huner 
et al. 1996; Hurry et al. 2000). Comic & Louason (1980) and later Labate & Leegood 
(1988) demonstrated that the threshold below which O2 insensitivity occurred was 
reduced by cold acclimation. These biochemical cold acclimation mechanisms include 
an increase in available cytosolic phosphate and an up-regulation of availability and 
activity of key enzymes in starch synthesis, sucrose synthesis and the photosynthetic 
carbon reduction cycle, e.g. SPS, cFBPase, UDPglucose pyrophosphorylase and 
Rubisco (Ikeda et al. 1993; Hurry et al. 1995; Strand et al. 1999; Hurry et al. 2000; 
Ciereszko et al. 2001). Cold acclimation generally leads to increased photosynthetic 
rates at all low temperature and a downward shift in the photosynthetic optimum leaf 
temperature (Wardlaw 1979; Badger et al. 1982; Holaday et al. 1992). However, a 
study by Sage & Sharkey (1987) showed that Pj limitation is still relevant under 
physiological conditions in the field. Wide spring diurnal temperature ranges (see 
Appendix 1) may ensure that grapevines are acclimated to such a broad temperature 
range that regular low temperature excursions may still cause end-product limitation.
In addition to limited cold acclimation, other studies have demonstrated that under 
phosphate deficiency, photosynthesis is more susceptible to end-product limitation of 
photosynthetic capacity (Hurry et al. 2000; Pieters et al. 2001). This is an important 
point considering that many Australian soils have extreme phosphate deficiency and 
many vineyards are only given phosphate fertilization during initial planting 
(Gladstones 1992). This deficiency can therefore persist to varying extent throughout 
the commercial life of a vineyard and cause inherent susceptibility to end-product 
limitation of photosynthesis, despite cold acclimation. This also implies that regular
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foliar application of phosphate at the beginning of every season in cool climate 
vineyards may improve overall biomass accumulation and hence ripening ability later in 
the season. Further studies are required to determine the existence of Pj-limited 
photosynthesis in the field and the mechanism(s) causing end-product limitation of 
photosynthesis.
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4.4.6 Possible causes of end-product limited grapevine photosynthesis
End-product limitation of photosynthesis can be induced in a number of ways including 
a chill-induced accumulation of soluble carbohydrates by limited overnight hydrolysis 
and mobilisation of starch (Leegood & Edwards 1996; Paul et al. 1992; Guinchard et al. 
1997), thermal inhibition of key enzymes in end-product synthesis including cFBPase, 
sFBPase, SBPase and SPS (Stitt 1996; Perez et al. 2001), restricted phosphate exchange 
at the Triose-PAPi translocator (Häusler et al. 2000a), restriction of phloem loading 
(Wardlaw 1979; Gamalei et al. 1994) and a limitation of sink strength (Pieters et al. 
2001). The activity of key enzymes involved in starch and/or sucrose synthesis at low 
temperature was not investigated in the present study although there is some evidence to 
support such behaviour at low temperature (Holaday et al. 1992). Further investigation 
into the low temperature response of grapevine photosynthesis should include such 
analyses.
Average photosynthesis is positively correlated with the source:sink ratio and with the 
accumulation of dry matter in grapevines (Edson et al. 1993; Ferrini et al. 1995; Petrie 
et al. 2000). Fruit removal has no long-term effect on photosynthetic rate, end-product 
synthesis or carbon partitioning in grapevines (Chaumont et al. 1995) because 
grapevines can rapidly compensate by reallocating assimilates to other sinks including 
storage and vegetative growth (Edson et al. 1993, 1995). However, the effective short­
term response is an end-product limitation of photosynthetic capacity associated with 
loss of photochemical (Jpsii) and biochemical (Rubisco) capacity without any physical 
restriction of photosynthetic (stomatal) process (Foyer et al. 1995; Iacono et al. 1995). 
A high sensitivity in the short-term to reduced sink demand may predispose cold- 
acclimated grapevines to end-product limitation of photosynthesis during low 
temperature events where overall sink capacity and thus demand for assimilates is 
limited. Low sink demand may be important in determining photosynthetic rate during 
low temperature events as carbon export is linearly correlated to photosynthetic rate and 
is temperature dependent (Paul et al. 1992; Jiao & Grodzinski 1996). Source:sink 
modeling by Queriex et al. (2001) revealed that end-product limitation of grapevine 
photosynthesis was mediated through either increasing carbohydrate levels in the leaf 
mesophyll, phloem or a signal from the sink phloem. Queriex et al. (2001) concluded 
that the latter two mechanisms are more likely under warm, non-limiting conditions.
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Low temperature can induce an accumulation of soluble and insoluble leaf 
carbohydrates (Paul et al. 1992). The accumulation of assimilates may be a response to 
a loss of phloem loading capacity at low temperature (Wardlaw 1979). Grapevines have 
minor leaf vein structure consistent with a symplasmic mode of phloem loading (i.e. 
loading carbohydrates via plasmodesmata; Gamalei 1991; Picaud et al. 1998). It has 
been postulated that symplasmic phloem loading species are inherently more 
temperature sensitive than apoplasmic loaders because chilling shrinks endoplasmic 
reticulum that then blocks access to plasmodesmatal pores (Gamalei et al. 1994; 
Sowiriski et al. 2001). A recent study by Schrier et al. (2000) found no common 
difference in temperature sensitivity between the two modes of phloem loading but still 
noted an increase in mesophyll total non-structural carbohydrate (77VQ and a temporary 
decrease in export of TNC after transition from 20°C to 10°C for both loading types. 
Schrier et al. (2000) then suggested that chilling-induced interference with 
plasmodesmatal connections would affect more than one cell type and thus species of 
both phloem-loading types would be susceptible to low temperature limitation of 
assimilate export.
Although there is a strong correlation between sink demand and photo synthetic rate 
when leaf concentrations of carbohydrate is manipulated, either artificially by feeding 
carbphydrate or by low temperature treatment (Neales & Incoll 1968; Krapp et al. 1991; 
See also Table 4-1), there still does not exist any direct mechanistic explanation of the 
link between these two processes (Paul & Pellny 2003). Until the mechanistic link 
between leaf carbohydrate pool size and photosynthetic flux is elucidated one must not 
preclude the possibility that low temperature can induce end-product limitation of 
photosynthesis by limiting the activity of key enzymes involved in sucrose/starch 
metabolism. Such an explanation can exist without the need to invoke sink regulation of 
photosynthesis and is therefore a likely scenario for low temperature treated grapevine 
leaves.
4.4.7 Predicting the response of grapevine photosynthesis to low temperature
The addition of the A p function and the determination of temperature dependence of Tp 
greatly improved the predictive accuracy of the Farquhar & von Caemmerer 
photosynthetic model at low temperature for grapevine (Figs. 4-8 & 4-9). Arrhenius
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plots of photosynthetic electron transport (Jpsn) and CO2 assimilation (A) showed a 
breakpoint at approximately 12°C presumably representing the transition from one rate- 
limiting process to another (Fig. 4-6). The breakpoint was obscured at low CO2 partial 
pressures for Jpsn and was reduced to below 10°C for A. This result implies that 
Rubisco-limited photosynthesis is unlikely to be the process governing the breakpoint in 
the curve since at low CO2 partial pressures Rubisco activity is the process most likely 
limiting photosynthesis (Fig. 4-6). Sage (2002) also showed little evidence of a break in 
the temperature dependence of Rubisco kccat for various species except rice. The 
breakpoint does not represent a lipid phase transition in either glasshouse or field-grown 
vines that would be seen as an increase in electrolyte leakage (Fig. 4-7). Unlike leaves 
of maize (Lukatkin et al. 1993), membrane permeability of warm-grown grapevine leaf 
discs did not increase with time under chilling conditions (Fig. 4-7). I propose that the 
breakpoint represents the transition from Rubisco-limited rate of photosynthesis to 
RuBP-limited photosynthesis. This hypothesis is supported by photosynthesis modeling 
which, when the temperature dependence of grapevine photosynthetic rates below 15°C 
was applied to the simple triose phosphate utilisation {Ap) function of Farquhar & von 
Caemmerer (1982), a transition between Ac and Ap at around 15°C and 10°C at elevated 
and ambient Q, respectively was demonstrated (Figs. 4-8; 4-9). It is important to note 
that in this case the Ap = 3T -  Rd equation by Farquhar & von Caemmerer (1982) was
adequate for the prediction of these data sets since there was no CO2 reversed sensitivity 
at higher CO2 partial pressures (Fig. 4-8). However, this study did not model the O2 
insensitivity of photosynthesis demonstrated in Figure 4-3, and the more complex 02- 
dependent model of Harley & Sharkey (1991) may be required in this instance. In 
Figure 4-8 photosynthetic CO2 assimilation at ambient intercellular CO2 partial pressure 
clearly operates within the Rubisco-limited region of the photosynthetic CO2 response 
curve at temperatures above 15°C. At temperatures below 15°C, A is limited by RuBP 
regeneration. Interestingly, the use of the model without a temperature dependent Ap 
function resulted in considerable over estimation of the rates of photosynthesis at light 
and CO2 saturation at all temperatures below 20°C (Fig. 4-8). These data, and the 
absence of chronic photoinactivation suggest that RuBP regeneration limitation of 
photosynthesis was unrelated to limited electron transport in this study.
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The reduction in Rubisco carbamylation state may explain the reduction in 
carboxylation efficiency at low temperature observed in Chapter 2 (Table 2-3) in 
addition to the already predicted thermodynamic inhibition of kccat (Fig. 3-14). 
According to von Caemmerer (2000): Vcmax = kccat x Et where Fcmax is the maximal
carboxylation rate, kccat is the catalytic turnover rate for carboxylation and Ex is the total 
number of carbamylated active Rubisco enzyme sites. Under warm conditions E{ is 
considered constant, except when Cj is close to the CCb compensation point (F), when 
de-carbamylation occurs and there is an effective loss of E{ (Sage et al. 1990; Portis et 
al. 1995; von Caemmerer & Quick 2000). Other conditions, particularly high 
temperature, effectively reduce E{ by reducing Rubisco carbamylation state, a process 
mediated via Rubisco activase (Mate et al. 1993; Crafts-Brandner & Salvucci 2000). 
However, few studies have attempted to include the temperature dependence of Rubisco 
carbamylation at low temperature. The total number of sites measured in grapevine 
leaves in the present study was constant ruling out a low temperature-induced loss of 
Rubisco protein (Fig. 4-5). Considering the well-known difficulty of extracting Rubisco 
protein from grape leaves (Bota et al. 2002; Maroco et al. 2002) the procedure used 
here successfully accounted for the Fcmax estimated from photosynthetic CO2 response 
curves (Fig. 4-5). However, when the carbamylation state is normalised to the 25°C 
value and included in the model for prediction of Fcmax, the result overestimated the 
reduction in Fcmax at low temperature and reduced the accuracy of the model (data not 
shown). The temperature dependence of kccat alone was generally adequate for 
predicting the Fcmax response to temperature (Fig. 4-8). This highlights a discrepancy 
between in vitro and in vivo measurements of Rubisco activity. Perhaps maximal 
extractable Rubisco activity was overestimated because all measurements were 
undertaken at 25°C in vitro. Under warm conditions where CO2 is ambient and light is 
saturating, carbamylation state should be 100% and only when C\ is reduced to T will 
activation state decline (Sage et al. 1990). For Rubisco carbamylation state 
measurements the leaf discs measured may have been at T due to large draw down and 
high boundary layer conductance to CCb. The hypostomatous and heterobaric nature of 
grapevine leaves may have further limited the diffusion of CO2 into the chloroplast 
during sampling for Rubisco carbamylation state. The combination of low CO2 and low 
temperature may have changed the temperature dependence of Rubisco activity.
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The addition of temperature dependence to the Ap function of the Farquhar & von 
Caemmerer photosynthetic model allowed a more accurate reflection of the control of 
photosynthesis by end-product limitation (Fig. 4-8). The activation energy reported for 
triose phosphate utilization (Tp) should be used in future attempts to model the response 
of grapevine photosynthesis at low temperature. Comparisons with other data sets may 
validate this activation energy for general use.
4.5 Conclusions
In conclusion, it can be stated that between 10°C and 15°C there was a transition from 
limitation of photosynthesis by one partial process to another. At temperatures above 
15°C and ambient CO2 , Rubisco activity is likely to be the limiting factor under 
saturating light. Reduced Rubisco activity can be due to thermodynamic constraints on 
catalytic turnover and through a de-carbamylation of active Rubisco sites. Below this 
15°C threshold temperature, restriction of RuBP regeneration becomes relatively more 
important in limiting the rate of photosynthesis. Reduced RuBP regeneration is caused 
by phosphate limitation as indicated by the O2 and CO2 insensitivity of photosynthesis, 
the stimulation of photosynthesis and photosynthetic O2 sensitivity by phosphate 
feeding. The incorporation of the temperature dependence of phosphate limited 
photosynthesis into the Farquhar & von Caemmerer photosynthesis model greatly 
improved model accuracy.
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Chapter 5 Assessment of grapevine
photoprotection mechanisms at 
low temperature
5.1 Introduction
Plants have evolved numerous strategies to minimize net photoinactivation of the 
photosynthetic apparatus such as avoiding or directly reducing the impact of excessive 
excitation pressure, removal of reactive oxygen species (ROS) formed in the 
photochemical apparatus and acclimation to high light (Niyogi 1999). Avoidance 
strategies include active changes to leaf orientation (Ludlow & Björkman 1984; Öquist 
& Huner 1991), chloroplast movement or cell movement (Chow et al. 1988; Jeong et al. 
2002). The direct reduction of the impact of excessive light and removal of ROS can be 
collectively entitled ‘photoprotection’ and include the photoreduction of CL via the 
water-water cycle and/or photorespiration, scavenging of ROS, pH-dependent thylakoid 
quenching of excitation energy, dissipation via zeaxanthin in the xanthophyll cycle and 
photosynthetic acclimation to high light (Niyogi 1999).
It has been clearly demonstrated in the preceding chapters that low temperature causes 
the limitation of light- and CCL-saturated photosynthetic capacity of grapevine leaves, 
creating a large proportion of absorbed light that is excessive to photochemistry 
(Chapter 2, 3 & 4). Photosynthetic limitation occurs via several mechanisms including 
stomatal closure, Rubisco deactivation and end-product limitation which represents an 
elegant feedback process balancing the supply of chemical energy (A TP) and reducing 
power (NADPH) with the rate of consumption by end-product synthesis (Chapter 4; 
Paul & Foyer 2001). This is mediated through limited recycling of inorganic phosphate 
and it was shown that the feeding of phosphate to grapevine leaves stimulated 
photosynthesis at low temperature (Chapter 4). As was also demonstrated, low 
temperature limited the light-saturated rate of photorespiration, another important 
energy sink in C3 plants (Heber et al. 1996).
Despite this increase in the level of excess light energy, grapevine leaves remain 
relatively resilient to net photoinactivation of photosystem II, as measured by the 
chlorophyll fluorescence parameter FJFm. There is also little evidence in the literature 
for net photoinactivation in grapevine leaf under various stresses, including light, 
drought and chilling stress as assayed by the ratio of variable to maximum fluorescence 
yield, FJFm (Gamon and Pearcy 1990; Chaumont et al. 1995; Chaumont et al. 1997;
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Flexas et al. 1999). These observations imply one or a combination of the following 
explanations:
5.1.1 Is FJFm an inadequate measure of PSII activity?
Recent evidence has demonstrated that the intrinsic quantum efficiency of PSII, 
measured as FJFm, declined more slowly than the number of functional PSII reaction 
centers (measured as the flash yield of O2 evolution) in some species thus 
overestimating the level of PSII activity. This curvilinear relationship has been 
demonstrated for pea (Park et al. 1995) and most importantly Vitis riparia (Flexas et al. 
2001), a species closely related to V. vinifera. A linear relationship has been determined 
for pumpkin leaf (Tyystjärvi & Aro 1996) and, in contrast to the above studies, for peas 
(Öquist et al. 1992) and capsicum (H-Y. Lee and W.S. Chow, unpublished data). Thus, 
it is important to identify whether or not leaves of V. vinifera have a linear response of 
FJFm to the flash-yield of O2 evolution in order to determine whether the lack of a 
sustained depression in FJFm under field and laboratory conditions is misleading.
5.1.2 Are alternative photoprotective energy dissipation mechanisms highly 
efficient?
When low temperature reduces the biochemical demand for the products of 
photochemistry {ATP and NADPH), alternative energy dissipation mechanisms must 
compensate, otherwise net photoinactivation, or ‘chronic’ photoinhibition, of the 
photo synthetic apparatus may result (Osmond 1994; Huner et al. 1998).
The lack of a sustained reduction in intrinsic PSII capacity, reflected by the leaf 
chlorophyll fluorescence parameter FJFm, implies that grapevine leaves may have one 
or more highly efficient energy dissipation mechanism(s). This high resistance to net 
photoinactivation is possibly due to ApH- and xanthophyll-mediated non-photochemical 
energy dissipation, photorespiratory processes, direct photoreduction of O2 via the 
water-water cycle and/or the scavenging of ROS (Osmond et al. 1997; Asada 1999).
5.1.2.1 ApH- and xanthophyll-mediated down regulation of light-harvesting
The limitation of photosynthetic electron transport at low temperature and saturating 
illumination increases the dependence upon alternative photoprotective energy
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dissipation mechanisms to avoid net photoinactivation (Demmig-Adams & Adams 
1992).
The most common method of photoprotection in higher plants is the active down 
regulation of PSII efficiency (Horton et al. 1996). This takes place in the light 
harvesting complexes of PSII via high trans-thylakoidal ApH and xanthophyll-mediated 
energy dissipation as heat (see Scheme 5-1; Murata & Sugahara 1969; Demmig et al. 
1987; Gilmore 1997).
High ApH is believed to cause protonation of light-harvesting polypeptides of the PSII 
reaction center and activates violaxanthin de-epoxidase, an enzyme that converts 
violaxanthin to zeaxanthin via the xanthophyll cycle (Horton et al. 1996). These two 
processes combined are thought to cause conformational changes that allow molecular 
contact and excitation transfer from chlorophyll to zeaxanthin, thus short-circuiting the 
normal flow of energy to the reaction center and dissipating the absorbed photon energy 
as heat to prevent over reduction and net photoinactivation of the reaction center 
(Gilmore 1997; Niyogi 1999). This xanthophyll-mediated energy transfer is critical for 
photoprotection of the photosynthetic apparatus as demonstrated by a dramatic increase 
in high light-induced photoinactivation of transgenic tobacco plants with suppressed 
violaxanthin de-epoxidase (Verhoeven et al. 2001). Thus, the end-product limitation 
process also allows a feedback regulation of light harvesting in response to limitation of 
carbon metabolism (Foyer et al. 1990). Under conditions of low temperature and high 
light the co-regulation of both electron transport and the efficiency of light harvesting 
by end-product limitation may be important in grapevine.
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Scheme 5-1. A current view of a thylakoid membrane in a ‘high efficiency state’ of photochemical 
utilisation of absorbed light (upper figure) and a low efficiency or ‘photoprotected state’ where 
major thermal dissipation of absorbed light occurs (lower figure). The transthylakoid pH gradient 
(ApH) of H+ ions between the chloroplast stroma and thylakoid lumen controls the expression of 
xanthophyll de-epoxidase and epoxidase. At low irradiance and high ApH (high efficiency state), 
the majority of absorbed light is dissipated via linear electron transport (see Scheme 1-1). Under 
excessive irradiance and a very high ApH (photoprotected state), de-epoxidase cleaves an epoxide 
group from violaxanthin (U) to form antheraxanthin (A) and from A to form zeaxanthin (Z), the 
latter two being able to interact with the protonated CP22 protein (also called PsbS) in the light­
harvesting complex. The conformational change in CP22 and the de-epoxidation of violaxanthin 
allows more efficient dissipation of absorbed light energy as heat. This process is termed non­
photochemical quenching (NPQ) and is reversed under conditions where the ApH is reduced (i.e. in 
low light or darkness). Under low light conditions the majority of excited PSI reaction center P700+ 
is in the reduced state. Under excessive irradiance, when thermal energy dissipation accounts for 
up to 75% of light absorbed by LHCII, P700 is photo-oxidised faster than P700+ is reduced. Under 
this condition, P700+ remains oxidised and is suggested to be a relatively strong quencher of excited 
LHCI chlorophyll molecules, in the process dissipating the energy as heat (Ort 2001). Figure 
reproduced with permission from Prof. Don Ort.
Zeaxanthin production plays an important role in the acclimation of plants to low 
temperature (Demmig-Adams et al. 1989). This is potentially very important for field- 
grown grapevines that are frequently exposed to irradiances excessive to the 
requirement of photochemistry (Ortoidze & During 2001). Diurnal changes in the 
relative contents of zeaxanthin and antheraxanthin are directly related to the incident
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light intensity in grapevine leaves (Chaumont et al. 1997; Düring 1999). Under drought 
stress where photochemistry is severely limited, thermal dissipation via the xanthophyll 
cycle can dissipate up to 90% of total absorbed light in grapevine (Medrano et al. 2002). 
Sun leaves of the grape variety Pinot Noir exhibited large carotenoid contents despite 
growing under well irrigated conditions and it was suggested that this may have been a 
response to sub-optimal temperature increasing dependence upon xanthophyll-mediated 
non-photochemical quenching (Chaumont et al. 1997). The importance of the 
xanthophyll cycle in grapevine leaf photoprotection at low temperature has not yet been 
quantified.
5.1.2.2 Photoreduction of O2 directly via the water-water cycle and indirectly via 
photorespiration
The water-water cycle
Several previous studies have discussed the water-water cycle, or Mehler-peroxidase 
reaction, as a significant energy sink in leaves (Robinson 1988; Park et al. 1996a; Asada 
1999) subsequent to chilling in the dark (Flexas et al. 1999) and chilling in the light 
(Fryer et al. 1998; Savitch et al. 2000). The water-water cycle is a process whereby the 
electrons derived from water splitting in PSII are used to directly reduce O2 to 
superoxide anion radicals (OJ) on the acceptor side of PSI or indirectly by an as yet 
unidentified stromal factor (Asada 1999). The potentially reactive superoxide radicals 
are disproportionated to hydrogen peroxide (FUCF) and O2 by superoxide dismutase and 
FI2O2 is then rapidly detoxified back to water using ascorbate and ascorbate peroxidase 
(see Scheme 5-2; Asada 1999). Glutathione and glutathione reductase are also required 
to regenerate ascorbate from dehydroascorbate to allow continued detoxification. The 
water-water cycle has two physiological functions that contribute to photoprotection: It 
can maintain a high rate of electron transport because it consumes NADPH in the 
regeneration of ascorbate and glutathione and can generate an energy-dissipating 
thylakoid ApH (Asada 1999). Ascorbate is a known cofactor in the function of 
violaxanthin de-epoxidase, and a low availability of ascorbate in the lumen can limit 
this reaction (Smirnoff 2000; Müller-Moule et al. 2002) thus demonstrating a further 
indirect photoprotective function. Under conditions of saturating light and low
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temperature where CO2 fixation is limited, the water-water cycle can maintain electron 
transport and sustained down-regulation of light-use efficiency.
(a) Photosynthesis
co2-^
J5 Ü W ,
(b) Photorespiration
/ - o 2
(e) Water-water cycle
NADP* ♦ H* NADPH^
♦ATP
C Ascorbate♦ATP
NADP*♦ H* NADPH
Scheme 5-2. Photosynthetic proton-coupled electron transport within the chloroplast thylakoid 
membrane of higher plants followed by the photosynthetic carbon reduction cycle (a), the 
photorespiratory cycle (b) and the water-water cycle (c) within the chloroplast stroma. PSII, 
photosystem II reaction center; PQ and PQH2, plastoquinone and reduced plastoquinone; Cyt b6f, 
cytochrome b6f complex; PC, plastocyanin; PSI, photosystem I complex; FNR, ferredoxin-vVADP 
reductase; Fd, ferredoxin; NADP+ and NADPH, oxidised and reduced nicotinamide adenine 
dinucleotide phosphate; PGA, 3-phosphoglycerate; RuBP, ribulose-l,5-bisphosphate; TPT, triose- 
phosphate translocator complex; P,, inorganic phosphate; P-Gly, phosphoglycolate; SOD, 
superoxide dismutase (which catalyses the reaction O2’—»H2O2 as opposed to that shown in the 
scheme); APX, ascorbate peroxidase; MDA, monodehydroascorbate; MDAR, 
monodehydroascorbate reductase. The complete photorespiratory cycle is not shown as it involves 
three separate cell organelles (see Douce & Heldt (2000) for a complete description). Only the initial 
production of 3-phosphoglycolate from the oxidation of RuBP is presented. Reproduced with 
permission from Prof. Donald Ort.
While the water-water cycle is difficult to measure in vivo because there is no net 
exchange of O2 , the linear electron transport to the water-water cycle can be measured 
as a high ratio of electrons per CO2 fixed or O2 evolved as long as photorespiration is 
taken into account (Fryer et al. 1998). A recent study by Flexas et al. (1999) explained 
such an increase in the electron requirement for O2 evolution subsequent to overnight 
chilling of Vitis vinifera as a response to chilling conditions; however, the method of 
measurement made interpretation difficult (Badger et al. 2000).
Several recent studies have argued that the water-water cycle is a relatively insignificant 
sink for energy dissipation under a variety of conditions including low temperature, and 
that photorespiration dominates energy dissipation via O2 consumption (Wu et al. 1991;
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Wiese et al. 1998; Ruuska et al. 2000b; Badger et al. 2000). A recent study of 
Arabidopsis plants observed no change in water-water cycle activity subsequent to cold- 
stress or cold-acclimation (wSavitch et al. 2001). Clearly the contribution of 
photorespiration and the water-water cycle to photoprotection needs to be further 
quantified for grapevine leaves illuminated at low temperature.
Photorespiration
Photorespiration, or the C2 cycle, is the unavoidable result of the dual role of ribulose- 
1,5-bisphosphate carboxylase/oxygenase (Rubisco) which also catalyses the 
oxygenation of RuBP in the presence of O2 (Sharkey 1988). Oxygenation of RuBP 
produces one molecule of glycerate-3-phosphate and one molecule of glycolate-2- 
phosphate (see Scheme 5-2). Glycolate-2-phosphate is then metabolised in the 
photorespiratory pathway to regenerate glycerate-3-phosphate and produce NH3 , CO2 
and the amino acids serine and glycine (Douce & Heldt 2000). Photorespiration is 
considered a wasteful process on two counts: not only does it prevent the maximum 
potential carbon gain from being realised but photorespiration also consumes 
proportionately more ATP than carboxylation making it relatively energetically wasteful 
(Douce & Heldt 2000). However, it is because of this inefficiency that photorespiration 
is considered to play a major role in photoprotection under stressful conditions. The 
more wasteful photorespiratory cycle acts as a sink for excess energy, the more it 
maintains electron flow when carboxylation is limited (Osmond 1981; Wingler et al. 
2000). In addition to excess energy dissipation, photorespiration provides the majority 
of glycine required for glutathione production and (Noctor et al. 1997; Wingler et al. 
2000; Novitskaya et al. 2002). Photorespiratory glycine is essential for glutathione 
synthesis, especially when stress conditions increase the requirement for antioxidant 
capacity (Noctor et al. 1997). Glutathione, along with a-tocopherol and ascorbate, is a 
scavenging antioxidant involved in the detoxification of reactive oxygen species via the 
water-water cycle and it has been demonstrated that an increase in glutathione content 
can improve chilling tolerance in plants (Noctor & Foyer 1998; Kocsy et al. 2000).
However, the significance of photorespiratory photoprotection at low temperature is 
modulated by the fact that photorespiration is highly temperature dependent. The
114 Chapter 5: Photoprotection of Grapevine Leaves at Low Temperature
reasons are that the specificity factor of Rubisco (the ratio of carboxylation to 
oxygenation) favours carboxylation at low temperature and that the solubility of CCb in 
water increases more rapidly than that of O2 at low temperature (Douce & Heldt 2000). 
The rate of photorespiration is difficult to determine in vivo (Sharkey 1988). However, 
it is unlikely that photorespiration, which is greatly reduced at temperatures below 15°C 
in grapevine (see Appendix 2), would make a significant contribution to 
photoprotection at low temperature. Although photorespiration is unlikely to contribute 
to significant photoprotection at extremely low temperature (close to 0°C), the 
contribution of photorespiration to photoprotection appears to be a species-specific 
phenomenon. This was demonstrated by Streb et al. (1998) where the inhibition of 
photorespiration by phosphinothricin increased the extent of photoinhibition in an 
alpine species of Ranunculus even at low temperature.
5.1.3 Is PSI the site of cold-induced net photoinactivation rather than PSII?
In some chilling sensitive plants inhibition of photosynthesis by low leaf temperature 
can occur despite relatively minimal reductions in FJFm. This discrepancy means that 
FJFm can potentially underestimate the impact of chilling in the presence of light on 
leaf photosynthesis. This was found to be due to net photoinactivation of PSI rather than 
PS11 in cucumber (Terashima et al. 1994), potato (Havaux & Devaud 1994) and barley 
(Tjus et al. 1998) with the temperature threshold being around 10°C (Sonoike 1999).
The mechanism of PSI inactivation has been demonstrated to be a result of progressive 
hydroxyl radical (*OH) induced damage of the iron-sulphur (Fe-S) centers on the 
acceptor side of PSI, the psaB protein and possibly P700 itself (Sonoike 1998; Chitnis 
2001). Terashima et al. (1998) showed that PSI complexes are degraded by ‘OH in vivo 
that were formed from Fenton type reactions between less oxidised transition metal ions 
such as Fe-S and hydrogen peroxide (H2O2). Thus the inactivation of PSI is inextricably 
related to the water-water cycle. When the detoxification of H2O2 is insufficient to 
prevent the formation of hydroxyl radicals (the most reactive ROS), photodestruction of 
PSI components results because there is no specific scavenger available for *OH (Asada 
1999). This mechanism of PSI photoinactivation occurs when the activity of ascorbate 
peroxidase, a key enzyme in the scavenging of H2O2 is reduced at low temperature 
(Terashima et al. 1998). The phenomenon of PSI inhibition represents the extreme kind 
of chilling sensitivity and is common in plants with a tropical or sub-tropical
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evolutionary history. To my knowledge the relative importance of damage of PSI under 
low temperature-high light conditions has not yet been investigated in grapevine leaves.
5.1.4 Do grapevines have a high intrinsic rate of PSII repair in vivo?
The photoinactivation of a PSII reaction center is an inevitable consequence of 
illumination, resulting in the loss of one active PSII for every 10-10 photons, and it 
obeys the law or reciprocity between irradiance and time under illumination (Anderson 
et al. 1997) but only if the leaves are at steady state photosynthesis (Shen et al. 1996). 
As demonstrated in Chapter 3, low temperature reduces the biochemical demand for the 
products of photochemistry specifically ATP and NADPH. When alternative energy 
dissipation mechanisms cannot compensate, the plastoquinone pool can become fully 
reduced disallowing further charge donation by PSII. Impairment of the function of Qa 
allows the production of triplet chlorophyll (3Chl) from recombination of the primary 
radical pair P680 /Pheo\ 3Chl readily reacts with molecular O2 to form the highly 
destructive singlet oxygen ( '0 2 ) species (Anderson et al. 1997; Chow 2001).
In addition, exposure to illumination at low temperature has been demonstrated to 
increase the lifetime of P680+ (ionized PSII reaction centers) because the rate of 
electron donation to P680+ cannot maintain the pace of electron removal at the acceptor 
side (Wang et al. 1992). The strongest oxidant in photosynthesis, P680+, has an 
oxidizing potential of approximately 1.2 V and is thought to be primarily responsible 
for photoinactivation of PSII considering that it does not require O2 (Anderson et al. 
1997; Chow 2001). In either case the production of reactive oxygen species (ROS) such 
as 10 2  and 0 2‘ and the generation of P680+ can degrade nearby pigments and proteins in 
the thylakoid membrane, most notably the D1 protein in the PSII reaction center (Asada 
1999).
It is possible that, if plants can maintain high rates of replacement of damaged D1 
protein, little impairment or net photoinactivation of photosynthesis would be able to be 
measured as a reduction in quantum efficiency of O2 evolution or FJFm (Anderson et 
al. 1997; Andersson & Aro 2001). However, studies of higher plant photoinactivation 
show that repair is limited at low temperature because restriction of D1 proteolysis 
prevented the integration of newly synthesized D1 protein, thus causing increased 
photoinhibitory damage (Aro et al. 1990; Salonen et al. 1998). It is therefore important
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to quantify the relative importance of D1 repair for grapevine leaves exposed to low 
temperature as a possible explanation for the lack of a sustained reduction in FJFm.
5.1.5 Experimental Aims
This study aimed to characterise the effects of chilling in the light on leaf 
photosynthesis and energy dissipation in both field- and glasshouse-grown grapevine 
(V. vinifera) focusing on the relative importance of the above mentioned 
photoprotective strategies to explain the lack of sustained net photoinactivation of PSII 
in grapevine.
5.2 M aterials and M ethods
5.2.1 Plant material
5.2.1.1 Field-grown plants
The temperature responses of photosynthesis and photoprotection of two grapevine 
varieties Riesling and Pinot Noir, were studied in the same two respective cool climate 
vineyards near Canberra, Australia as used in Chapter 2. Riesling and Pinot Noir vines 
were studied at the Stringybark Hill vineyard in 2000/2001 and the Southcorp 
Tumbarumba vineyard in 2001/2002, respectively. A complete vineyard physical and 
climatic description can be found in Chapter 2 for both vineyards. Leaf chlorophyll 
fluorescence and leaf pigment measurements were undertaken during the same 
respective early spring to mid-summer period as the gas exchange measurements in 
Chapter 2.
5.2.1.2 Glasshouse-grown plants
Grapevines (Vitis vinifera L. cv. Riesling) were grown under glasshouse conditions 
identical to that described in Chapter 2.
5.2.2 Temperature measurements
Leaf temperature (Tieaf) in the field was measured with a thermocouple attached to a 
chlorophyll fluorometer (MiniPAM or PAM 2000, Walz, Effeltrich, Germany) or with 
thermistors recorded to a data logger (Tiny talk, Gemini Data loggers, UK). Thermistors
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(3 mm long, <1 mm diameter) were attached to the underside of the leaves with porous 
medical tape to allow transpiration. In the laboratory, leaf temperature was controlled by 
contact thermostatting.
5.2.3 Measurement of photosynthetic parameters in the field and in the 
laboratory
In all laboratory and field measurements of photosynthesis, the youngest, fully 
expanded leaves from the exposed outer layer of the grapevine canopy were used.
Infra-red gas analysis
In the laboratory, photosynthetic gas exchange measurements were made using an open 
circuit, temperature-controlled, infrared gas exchange system described in Chapter 2. 
Gas-exchange parameters were calculated as described by von Caemmerer & Farquhar 
(1981). In all cases where the model was used for predictive purposes, the following 
parameters (at 25°C) were used for grapevine leaves: Fcmax varied between 75-85 pmol 
m'2 s’1, Jmax -  130 pmol m'2 s '1 and Rd -  0.8 pmol m'2 s’1. These rates were calculated 
from CO2 response curves of grapevine leaf photosynthesis at 1000 pmol quanta nU s' 
and 25°C. All other parameters were taken from von Caemmerer (2000) and each 
parameter, with the exception of T. (Bemacchi et al. 2002) was given a temperature 
dependence using the activation energies outlined in von Caemmerer (2000).
The rate of Rubisco carboxylation and oxygenation rates, Vc and V0 respectively, were 
calculated from the following equations:
y M +
c i-(r./c) where r* is the CO2 compensation point in the absence of
mitochondrial respiration, A is the rate of CO2 fixation, Rd is the rate of mitochondrial 
respiration in the dark and C is the CO2 partial pressure in the intercellular airspaces (Cj) 
or in the chloroplast (Cc). H was calculated according to von Caemmerer (2000) using 
the equation H (pbar) = U (25 V e [(25‘̂ £/(298*(272+7))] where (3? ^bar) is n  for
leaves at 25°C (Farquhar et al. 1980), E (23.5 kJ mol'1) is the activation energy for T», 
R (8.314 J K'1 mol !) is the universal gas constant and T is the temperature in °C. Under
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the assumption C -  Cc the following equation was used: Cc = Cj -  A/gm where g, is the 
leaf mesophyll conductance for CO2 (von Caemmerer 2000). gm at 25°C was either 
assumed from the relationship between A and gm described in von Caemmerer & Evans 
(1991) to be 0.2 mol CO2 m'2 s'1 bar'1 or varied between 0-1 mol CO2 m'2 s'1 bar'1 and/or 
given the temperature dependence detailed in Bemacchi et al.{2002) for modeling 
purposes. Where a mesophyll conductance was assumed, the derived quadratic 
equations for rubisco-limited and RuBP-limited photosynthesis were used as described 
in von Caemmerer (2000).
V0 = (f)Vc using the equation (f) = 2H
C
where (j) is the ratio of oxygenation to
carboxylation rate. In this case, the rate of photorespiratory O2 uptake [Ri = 0.5 V0] 
could be calculated from the rate of oxygenation.
Leaf chlorophyll fluorescence
In field and laboratory experiments a pulse-amplitude modulated chlorophyll 
fluorometer (Mini-PAM or PAM-2000, H. Walz, Effeltrich, Germany) was used to 
determine on an hourly basis (1) intrinsic quantum efficiency of open PS11 reaction 
centers under irradiance (Opsn), (2) the linear electron transport rate through 
photosystem II (Jpsii) and (3) the level of non-photochemical quenching (NPQ) which 
are further described in Chapter 2. In the case of laboratory experiments, leaf 
chlorophyll fluorescence was measured simultaneously with leaf gas exchange on the 
same area of leaf.
The ratio of Jpsii to electron transport utilized by carbon assimilation, Jq, (Jpsn/Jc) was 
used as an estimation of the proportion of electron consumption by other dissipatory 
processes including photorespiration, the water-water cycle and nitrate assimilation.
Jpsn can be further divided into its component processes including electron transport to 
carbon fixation (Jc), photorespiration (JQ) and alternative processes such as nitrate 
assimilation and the water-water cycle (Ja)- f  and J0 were calculated by multiplying the 
rate of carboxylation, Vc, or oxygenation, V0, by the minimum electron requirement for 
one mole of CO2 fixation or O2 fixation (4 e' CO2 '1 or 4 e' O2’1). Ja was calculated
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simply as the difference between Jpsn and its other component processes [Ja -  Jpsn -  Jc 
-Jo].
During field measurements, the intrinsic quantum efficiency of PSII photochemistry 
( jy F m) was measured every two hours according to the protocol described in Chapter 2.
After a morning of strong illumination at low temperature, the recovery of FJFm in 
darkness was monitored in mature, exposed east facing leaves from the Pinot Noir field 
site. Recovery was monitored for 3 hours and dark acclimation was attained using dark- 
acclimating leaf clips. FJFm measurements were undertaken with a portable chlorophyll 
fluorescence system (Mini-PAM, H. Walz, Effeltrich, Germany).
5.2.4 Photosynthetic irradiance response at low temperature
Using the laboratory-based system described above, the response of grape leaf 
photosynthesis and other energy dissipation mechanisms to irradiance was determined 
at 25°C, 20°C, 15°C, 10°C and 5°C according to the protocol outlined in Chapter 2.
The percentage of absorbed photosynthetically active radiation excessive to that 
required by Opsn was determined at both leaf temperatures using the method described 
by Schreiber et al. (1994) where actual Jpsn is compared to the maximum potential rate 
of PSII electron transport (assuming Opsn is equal to FJFm at all light intensities).
The fraction of reduced primary acceptor quinone of PSII, Qa, in response to PAR was 
also determined at both leaf temperatures. The fraction of reduced Qa was estimated
using the chlorophyll fluorescence parameter 1-qP, where qP = F ' - Fm_____ s
F '-F  ’m o
5.2.5 Temperature response curves
Using the lab-based system described in Chapter 2, photosynthetic temperature response 
curves were obtained using the protocol described in Chapter 4. At each temperature, 
the O2 partial pressure was changed to 20 mbar O2 for suppression of both the 
oxygenation of Rubisco and the direct photoreduction of O2 via the water-water cycle.
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5.2.6 A new model of energy dissipation analysis
The allocation of photons absorbed by the PSII antennae to photosynthetic electron 
transport and thermal dissipation in grapevines was assessed by defining the quantum 
efficiencies of photochemical energy dissipation (Opsn), light-dependent ( 0 Npq) and 
light-independent (Od) non-photochemical energy dissipation and fluorescence (Of) 
energy dissipation as follows:
Of d = the sum of the fractions of light absorbed by the PSII antennae that is dissipated 
by either light-independent thermal dissipation (Od) or via fluorescence (Of). The sum 
of both terms is derived as:
Of d — Of + Od —
ykf  + kD+kp +kN j
\  f
+
ykf  + kD+kp +kN
f k f +kD _ F.
Kkf  +kD+kp+k N y F.
(Equation 5-1)
k f k f
Where Fs = ----------------------, Fm = ----- ----  and kf, ko, kp and kn refer to the rate
k f + k D+kp +kN k j + k D
coefficients of fluorescence, light-independent thermal dissipation, photochemical and 
light-dependent non-photochemical quenching, respectively.
0 Npq = the fraction of light absorbed by the PSII antennae that is dissipated thermally
via ApH or xanthophyll-mediated processes where NPQ = F. F.
F J  F
(Genty et dl.
1996)and;
Opsn = the fraction of light absorbed by the PSII antennae that is utilized in
F
photochemistry [where 0 P5// = 1---- — ] (Genty et al. 1989).
F J
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The sum of the three terms Of o, Onpq and Opsn is equal to one. The majority of Of d is 
Od since Of is approximately 3-6% of the total fraction of quanta absorbed in the 
absence of quenching associated with the energized state of the thylakoids (Rabinowitch 
& Govindjee 1969). In the presence of light, the fraction of absorbed quanta re-emitted 
by fluorescence would be even lower.
In an analogous calculation to the rate of electron transport utilized via photochemistry, 
Jpsn, it is now possible, using the quantum efficiencies 0 Npq and Ofo to approximate 
the rate of energy dissipation via these processes. For example, the rate of energy 
dissipation via ApH- and xanthophyll-mediated thermal dissipation can be calculated as:
J  NPQ ~  ^  NPQ X 1 A X 0-5 (Equation 5-2)
where 0.5 is the assumed proportion of absorbed quanta used by PSII reaction centers 
(Melis et al. 1987) and IA is the absorbed irradiance assuming an average leaf 
absorptance of 0.85 for grapevine leaves (Schultz 1996).
5.2.7 Carotenoid pigment analysis by HPLC
In the field, leaf discs were taken from three randomly selected mature Pinot Noir 
leaves at the times 5:00 am (predawn), 9:00 am, 12:00 pm, 3:00 pm and 6:00 pm from 
east and west facing leaves at the Tumbarumba vineyard on the 5 December 2001. 
Leaf discs were immediately frozen in liquid nitrogen. Leaf NPQ measurements were 
simultaneously measured as described above. Leaf discs were also taken from east and 
west facing halves of the Riesling grapevine canopy at the Stringybark Hill vineyard on 
the 24lh January 2003.
In laboratory experiments, leaf discs were taken from glasshouse-grown Riesling 
grapevines and floated upside down in a water bath set at 25°C or 10°C and the adaxial 
surface illuminated from below at 1200 pmol quanta m'~ s" for a maximum of 3 hours. 
Leaf discs were taken out at hourly intervals and immediately frozen in liquid nitrogen.
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Total pigments were extracted from frozen leaf discs by grinding the tissue in 800 pL 
acetone: ethyl acetate 60:40 (v/v) extraction medium in a microfuge tube and 640 pL of 
water were added. Samples were briefly vortexed and phases were separated by 
centrifugation (5 min at 14, 000 rpm). The upper, pigment-containing phase (approx. 
150 pL) was then centrifuged (3 min at 14, 000 rpm) to pellet debris and 130 pL of the 
supernatant was used for carotenoid pigment analysis by reverse phase HPLC 
(Beckman system) with a Spherisorb ODS-2 C l8 column (5 pm particles, Waters) as 
described previously (Norris et al. 1995, Pogson et al. 1996). Carotenoids and 
chlorophylls were separated by elution from the column applying a stepwise gradient 
changing from 100% solvent A (90% aqueous acetonitrile, 0.1% triethylamine [v/v]) to 
100% solvent B (100% ethyl acetate). Peak detection and interpretation was undertaken 
at 440 nm. Carotenoids were quantified based on absorption coefficients of pigment 
standards determined previously (B. Pogson pers. comm.) and normalized to leaf fresh 
weight and chlorophyll a {Chi. a). The relative de-epoxidation state
[A] HZ]DPS =
[ V] + [A]HZ]
for each leaf disc was calculated.
5.2.8 Comparison of flash-induced yield of oxygen evolution with intrinsic 
quantum efficiency of PSII and O2 evolution
Leaf discs were taken from glasshouse-grown plants and floated on water in darkness 
for one hour before subjecting them for varying times to high light (1300-1500 pmol 
photons m'2 s’1) and low temperature (5°C) to elicit cold-induced net photoinactivation 
of PSII. These hypostomatous leaves were placed abaxial side down to reduce gas 
exchange and enhance the rate of photoinactivation. For each leaf disc, flash-yield of 
oxygen evolution, the quantum efficiency of oxygen evolution (O02) and 30 min dark- 
acclimated FJFm were measured, in that order. This method was designed to validate 
the use of the FJFm parameter in evaluation of the photoinhibited state. Measurements 
of Fv/Fm and O02 were compared with the percentage of functional PSII reaction centers 
(as determined by the yield of flash-induced oxygen evolution). The percentage of 
functional PSII reaction centers was calculated as the percentage of initial values 
obtained before the photoinhibitory treatment. The quantum efficiency of oxygen 
evolution was calculated as the slope of the linear part of the light response curve on an 
absorbed light basis. Leaf absorbance was assumed to be 0.85. The flash-yield method
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has been described in detail by Flexas et al. (2001) and was originally described in 
Chow et al. (1989). Dark-acclimated or photoinhibited leaf discs were placed in a 
Clark-type CL electrode in 1% CCL. Each leaf disc was allowed to equilibrate for 8 
minutes in darkness and then subjected to repetitive single turnover flashes from a 
Xenon lamp of saturating intensity for a period of 4 min flash illumination (10 Hz, 2.5 
ps full width at half peak intensity; type FX200, EG & G ElectroOptics, Salem, MA, 
USA) followed by 4 min dark. A background far-red light was used to prevent 
limitation of electron transport by PSI. For chlorophyll analysis the leaf discs were 
extracted in aqueous buffered 80% acetone (25 mM Hepes, pH 7.5) and centrifuged at 
3000 rpm for 4 minutes. Chlorophyll concentration in the supernatant was calculated 
using the extinction coefficients and wavelengths of Porra et al. (1989).
5.2.9 Photoinactivation and recovery experiments
Photoinactivation
The rate of photoinactivation was measured as the dynamic decline of FJFm for leaf 
discs subjected to various treatments. Table 5-1 describes in detail the combination of 
experimental treatments used. Leaf discs were taken from glasshouse-grown vines and 
immediately floated on water at room temperature for one hour before the experiment. 
Discs were then vacuum infiltrated (2 standard atmospheres) with water or a solution of 
a non-specific chemical inhibitor (see Table 5-1), allowed to lose excess intercellular 
water and floated on the water/solution set at 25°C or 9°C in a partially filled beaker. 
Discs were floated abaxial side-up to allow for un-inhibited gas-exchange of the 
hypostomatous leaves and illuminated from below (i.e. light was incident on the adaxial 
surface) with 1300 pmol photons m'~ s" . The gas mixture supplied was varied to 
suppress the photoreduction of CL via photorespiration and/or the water-water cycle 
within the leaf (see Table 5-1). Leaf discs were subsequently dark-acclimated for 30 
min and the intrinsic quantum efficiency of photosystem II was measured using the 
chlorophyll fluorescence parameter FJFm (Hansatech Plant Efficiency Analyser, King’s 
Lynn, Norfolk). It should be noted that for some unexplained reason nigericin, an 
inhibitor of trans-thylakoid membrane ApH development, was unable to be infiltrated 
into leaf discs.
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Recovery o f photoinactivated PSII reaction centers
The requirement for light-dependent repair (indicative of high rates of D1 synthesis) of 
damaged photosystem II reaction centers was determined by floating glasshouse-grown 
Riesling leaf discs on a water bath at kept at 25°C or chilled to 3°C and illuminating 
them at 1500 fimol quanta m'2 s'1. Leaf discs were floated abaxial side down (adaxial 
side illuminated) to maximize the rate of photoinactivation by limiting gas exchange. At 
each time point some leaf discs were removed from the treatment conditions and FJFm 
was measured after a 30 minute dark-acclimation at room temperature in leaf clips using 
a portable chlorophyll fluorometer (Hansatech Plant Efficiency Analyser, King’s Lynn, 
Norfolk). Sampled leaf discs were not returned to the experimental treatments.
Table 5-1. Description of experimental treatments and known effects for quantum efficiency of 
photoinactivation experiment. All leaves were illuminated at 1300 |imol quanta m'2 s"1 for 2 hours.
Treatment 
temperature, °C
Gas mixture Treatment
solution
Known treatment effect
26 Air Water Optimum temperature for photosynthesis 
(Kriedemann 1968).
9 Air Water Depression of photosynthetic metabolism 
(Chapters 2 & 4).
9 Air 1 mM
Dithiothrietol
Non-specific inhibitor of violaxanthin de- 
epoxidation inhibiting xanthophyll-mediated 
energy dissipation (Demmig-Adams & 
Adams 1993).
9 Air 1 mM
Lincomycin
Non-specific inhibitor of chloroplast-encoded 
protein synthesis that inhibits repair of 
photodamaged D1 protein in the PS11 
reaction center (Aro et al. 1994).
9 Air 1 mM
k2h po 4
Stimulation of phosphate-limited
photosynthesis (Walker 1987).
9 20 mbar 0 2 in 
air
Water Suppression of photorespiration and Water- 
water cycle.
9 700 pbar C02 
in air
Water Stimulation of photosynthesis and partial 
suppression of photorespiration. No
suppression of water-water cycle.
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After 2 hours of illumination, the remaining chilled leaf discs were removed to a water 
bath set at 25°C and illuminated at 30 pmol quanta m'2 s'1 or kept in darkness. Recovery 
of FJFm was monitored every hour for 5 hours after removal from chill light conditions.
5.2.10 Photorespiration and the water-water cycle
The proportion of electron flow to oxygen was measured indirectly by examining the 
relationship between Opsn and the quantum efficiency of CO2 assimilation (Ocoi) from 
photosynthetic temperature response curves at light saturation. Oco2 was measured by 
dividing the gross assimilation rate by the amount of absorbed PAR at ambient CO2 
partial pressure according to Genty et al. (1990). Leaf absorbance was assumed to be 
0.85 (Schultz 1996). Attached leaves were placed in a temperature-controlled leaf 
chamber connected to an infrared gas exchange system as described by Laisk & Oja 
(1998). Photosynthetic rate, stomatal conductance, and intercellular CO2 partial pressure 
(Cj) were calculated from the Farquhar et al. (1980) model as detailed in von 
Caemmerer (2000). Simultaneous leaf chlorophyll fluorescence was used to calculate 
Opsn (as described above). Varying quantum efficiencies were elicited by varying leaf 
temperature at 20 mbar and 210 mbar O2, ambient CO2 (360 pbar) at 800 pmol quanta 
m “ s' . The ratio of dark respiration to respiration in illuminated leaves at varying leaf 
temperature obtained by Atkin et al. (2000) was used to calculate the rate of respiration 
in the light from grapevine dark respiration measured at each leaf temperature.
The proportion of electron flow to O2 via photorespiration at saturating irradiance (800 
pmol quanta m'2 s'1) was also estimated using the following equation from von 
Caemmerer (2000): [Jpsn = (4 + 4(j))Fc].
5.2.11 Photosystem I measurements
Leaf discs were taken from glasshouse-grown Vitis vinifera L. cv. Riesling vines and 
were floated on a 6°C water bath illuminated at 1300 pmol quanta m'2 s'1 for 0-2 hours. 
Leaf discs were then removed and the photooxidation and re-reduction of P700 was 
measured using a chlorophyll fluorometer (.PAM-101, H. Walz, Effeltrich, Germany) 
with a single wavelength (820 nm) emitter/detector in the reflectance mode. The 
decrease in reflectance of the leaf discs at 820 nm upon illumination with saturating far-
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red light was monitored for a relative measure of photooxidisable P700. The decrease in 
reflectance at 820 nm has been demonstrated to be due to the increase in leaf 
absorptance from P7004 radical formation thus indicating the content of the 
photooxidisable P700 and, inversely, the relative level of PSI inactivation (Kim et al. 
2001). Far-red light, transmitted by Schott RG9 and Calflex heat filters, was passed 
through an electronic shutter for 8 seconds and the redox kinetics of P700 were stored in 
a digital oscilloscope (Gould 1421, Essex, UK).
Immediately after measurement of AT, the intrinsic quantum efficiency of PSII 
photochemistry (FJFm) was derived from fluorescence measurements, from 30 min 
dark-acclimated (with leaf clips) leaves at room temperature, using a chlorophyll 
fluorometer (Plant Efficiency Analyser, Hansatech, King’s Lynn, Norfolk, UK).
5.2.12 Statistical analysis
The results were evaluated using restricted maximum likelihood (REML) or Analysis of 
variance (ANOVA) and were calculated using Genstat 4.2 (5th Edition, VSN 
International, Oxford, UK) or Origin 6.1 (Microcal Software, Northhampton, MA, 
USA). Variance of the mean of several replicates was expressed as a standard error 
(SE). Significance probability (/?) values and/or correlation index R2 values are given 
and results were significantly different at p< 0.05.
5.3 Results
5.3.1 Photosynthesis and energy dissipation in the field
At cool-climate viticultural sites with large diurnal spring temperature fluctuations, 
vines can experience high light intensities at below optimum temperature early in the 
photoperiod (Chapter 2). Diurnal variations of leaf temperature (7ieaf), irradiance (PAR), 
linear electron transport rate (J?sn) and non-photochemical quenching (NPQ) and the 
dissipatory fate of absorbed light energy are shown for both east and west facing 
Riesling (Fig. 5-1) and Pinot Noir (Fig. 5-2) vine leaves on two typical clear days from 
the early 2000/2001 and 2001/2002 growth seasons, respectively. The north south 
orientation of the grapevine rows at both vineyards resulted in each aspect receiving a 
significantly reduced amount of the total incident, and hence absorbed, irradiation
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throughout the day (Table 5-2). The majority of this light is received in the morning and 
the afternoon for the eastern and western canopy aspects respectively (Figs. 5-1 & 5-2). 
Each aspect of the canopy received similar amounts of light but at different times of the 
day. Not surprisingly, the expression of temperature dependence for both Jpsn and NPQ 
under high light was temporally separated throughout the course of the day for east and 
west canopy aspects of field grown vines (Figs. 5-1 & 5-2).
At the respective peak irradiance periods (occurring at 9:30 am and 3:00 pm for east and 
west facing leaves, respectively) the Riesling data show that NPQ was 17% higher and 
Jpsn 18% lower for east facing leaves compared to west facing leaves (Fig. 5-1). This 
large difference resulted from east facing leaves experiencing a 9°C lower temperature 
at similar irradiance (-2000 pmol quanta m'2 s’1) to the west facing leaves that were 
illuminated at 25°C in the afternoon (Fig. 5-1A & B). Comparing east and west leaf 
aspects, the relative reduction in J Psn and increase in NPQ is even greater for east facing 
leaves during the early morning period. At 8 am, east facing leaves experienced 
saturating light intensity at 12.8°C and rates of Jpsn and NPQ were 39% lower and 37% 
higher, respectively than the warmer (23.7°C) west facing leaves, at an equivalent light 
intensity (Fig 5-1A & B).
The fraction of incident irradiance dissipated via photochemistry (Opsn), light- 
dependent ApH and xanthophyll mediated thermal dissipation (O npq) and the sum of 
fluorescence quenching and light-independent thermal dissipation (Of,o) also varied 
considerably throughout the course of the day for both leaf aspects (Fig. 5-IE & F). 
This method of calculation implies that there is never excess light unaccounted for by 
the various dissipatory pathways. Maximum 0 Npq and minimum Opsn and OfiD 
corresponded to the peak irradiance periods for both east and west facing leaves 
demonstrating a high dependence upon non-photochemical quenching at high light 
intensity (Fig 5-1A & B).
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Figure 5-1. Diurnal leaf temperature, 7ieaf (A), photosynthetically active radiation, PAR, (B), 
apparent electron transport rate, JPSn, (C), non-photochemical quenching, NPQ, (D) and light 
energy dissipation analysis plotted against the time of day for mature, exposed east facing (□ )  and 
west facing (□ )  Riesling ( Vitis vinifera L.) leaves. The estimated fraction of incident irradiance 
dissipated via photochemistry (<J>PSn)> light-dependent ApH and xanthophyll mediated thermal 
dissipation (d>NPQ) and the sum of fluorescence quenching and light-independent thermal 
dissipation (Of,D) is represented for east (E) and west (F) facing leaves. Measurements were taken 
on a clear day at the Stringybark Hill vineyard on the 20th November 2000. Each point is the mean 
± SE of 5-10 leaves.
The strong dependence of light dissipation on NPQ was further highlighted for both east 
and west facing leaves in Table 5-2, where NPQ was responsible for dissipating the 
highest fraction of total daily absorbed light. The total fraction of absorbed energy 
dissipated via the various photochemical pathways including photosynthesis, 
photorespiration and the water-water cycle (collectively entitled Opsn) was also similar
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between aspects and half that of Onpq (Table 5-2). Despite the total daily fraction of 
absorbed light dissipated via photochemistry being similar between canopy aspects, the 
total amount of light dissipated via Jpsn and was marginally higher for the west 
facing leaves (Table 5-2). This was due to the marginally higher total amount of light 
absorbed by the west facing leaves, assuming a similar absorbance of 0.85 and that 
absorbed light was evenly distributed between PSI and PSII (Table 5-2).
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Figure 5-2. Diurnal leaf temperature, 7ieaf (A), photosynthetically active radiation, PAR, (B), 
apparent electron transport rate, JPSn, (C), non-photochemical quenching, NPQ, (D) and light 
energy dissipation analysis plotted against the time of day for mature, exposed east facing (□ ) and 
west facing (□ ) Pinot Noir (Vitis vinifera L.) leaves. The estimated fraction of incident irradiance 
dissipated via photochemistry (3>psiih light-dependent ApH and xanthophyll mediated thermal 
dissipation (<J>Npq) and the sum of fluorescence quenching and light-independent thermal 
dissipation (OfD) is represented for east (E) and west (F) facing leaves. Measurements were taken 
on a clear day on the 19th December 2001. Each point is the mean ± SE of 3-4 leaves.
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Table 5-2. Mean total daily integrated incident irradiance (PAR) and absorbed irradiance passing 
through PSII (/A psn) and the total amount of absorbed energy dissipated via photochemistry (./psn), 
light-dependent ApH and xanthophyll mediated thermal dissipation (./npq) and the sum of 
fluorescence quenching and light-independent thermal dissipation (A d) for mature, field-grown, 
east and west facing Riesling and Pinot Noir leaves ( Vitis vinifera L.). The fraction of the total 
absorbed radiation passing through photosystem II that is dissipated via each of the three processes 
(O f,D; O NPq and OPSh) is presented in brackets. Each point is the mean ± SE of 5 leaves and is 
calculated from integration of the areas from Figs. 5-1 and 5-2 for Riesling and Pinot Noir, 
respectively. An asterix denotes a significant (p < 0.05) difference between aspects for each 
individual species only.
V a r ie ty A sp e c t P A R , p m o l Fa-psih p m o l J f,D, p m ol •Fnpq} JLimol /p sn , p m o l  e ‘
q u a n ta  m '2 q u an ta  m  2 q u a n ta  m '2 q u a n ta  m  2 -2m
(<*>f,D) ( ^ npq) (^PSIl)
R ies l in g
E ast 32 ± 4 14 ±  2
1.8 ± 0 . 1 *  
(0 .13 ± 0 . 0 1 * )
8.4 ±  1.6 
(0 .60  ±  0 .03)
3.4  ± 0 . 1 *  
(0 .27  ±  0 .03)
W e s t 40  ± 2 17 ±  1
2 .6  ± 0 . 2 *  
(0 .15  ± 0 . 0 1 * )
9.7 ± 0 . 7  
(0 .58  ±  0 .02)
4.5 ± 0 . 3 *  
(0 .27  ± 0 . 0 1 )
P in o t
E ast 40  ± 2 17 ±  1
2 .7  ± 0 . 2  
(0 .1 6  ± 0 . 0 1 )
9 .2  ±  0.6  
(0 .54  ± 0 . 0 1 )
5 .0  ± 0 . 3  
(0 .30  ± 0 . 0 1 )
N o ir
W e s t 42 ± 2 18 ±  1
2 .7  ± 0 . 2  
(0 .15  ± 0 . 0 1 )
9.2 ± 0 . 3  
(0 .52  ±  0 .02)
5.8 ± 0 . 5  
(0 .32  ±  0 .02)
The results for Pinot Noir (Fig 5-2) were qualitatively similar to the Riesling data. Leaf 
temperature showed high diurnal variation, ranging from 3-32°C within the course of a 
single day. At peak irradiance periods, occurring at 10:20 am and 2:30 pm for east and 
west facing leaves, respectively, the Pinot Noir leaves exhibited peak NPQ that was 
40% higher and peak Jpsn 14% lower for the east facing leaves compared to west facing 
leaves (Fig. 5-2C & D). This large difference resulted from east facing leaves 
experiencing generally equal peak irradiance at significantly temperature than the west 
facing leaves (Fig. 5-2A & B). The relative reduction in Jpsn and increase in NPQ was 
more extreme for east facing leaves during the early morning period. At 6:30 am east 
facing leaves experienced saturating light intensity at 14°C and rates of Jpsn and NPQ 
were 62% lower and 275% higher than the warmer (28.3°C) west facing leaves, at an 
equivalent light intensity (Fig 5-2A, B, C).
Maximum Onpq and minimum Opsn and Of,o for Pinot Noir also corresponded to peak 
irradiance periods for both east and west facing leaves demonstrating a high dependence 
upon non-photochemical quenching at high light intensities. As demonstrated for
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Riesling leaves, Onpq was higher for early morning east facing leaves with non­
photochemical quenching being responsible for dissipating over half the total amount of 
absorbed light (Table 5-2; Fig 5-2A & B). Despite a higher total amount of incident 
light, the dependence upon the fraction of absorbed PSII light dissipated via light- 
dependent thermal dissipation was marginally lower for both aspects of the Pinot Noir 
canopy compared to Riesling. This reduction in non-photochemical quenching was 
associated with a coordinate increase in daily dissipation by photochemistry for both 
east and west facing leaves of Pinot Noir that was higher than the Riesling leaves 
(Tables 5-1 & 5-2). Although the dependence on non-photochemical quenching was 
reduced for Pinot Noir compared to Riesling, the fraction of the daily total of absorbed 
light dissipated by 0 NpQ was marginally higher and photochemistry marginally lower 
for east facing leaves compared to west facing leaves (Table 5-2). The marginal 
reduction in Opsn and the corresponding increase in 0 Npq for east facing leaves were 
due to the lower early morning temperatures limiting the light-saturated photochemistry 
(Fig. 5-2; Table 5-2).
Clearly there is a temperature dependent difference between east and west facing Jpsn 
and NPQ under field conditions. East facing leaves experience peak irradiance periods 
earlier in the day when temperature is restrictive to photosynthesis. In contrast, west 
facing leaves are exposed to peak irradiance under warmer afternoon conditions. This 
phenomenon is summarized for both varieties in Figure 5-3 where east and west facing 
leaf Jpsn and NPQ are re-plotted from Figs. 5-1, 5-2, and field data from other days’ 
measurements, as a function of light intensity. Light-saturated (>1900 pmol quanta m'2 
s'1) rates of Jpsn were 18% and 30% lower for east facing leaves compared to their west 
facing counterparts for Riesling and Pinot Noir, respectively (Fig. 5-3A & B). At the 
same light intensity NPQ was 22% and 16% higher for east facing leaves compared to 
west facing leaves for Riesling and Pinot Noir, respectively (Fig. 5-3C & D).
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Figure 5-3. Light-dependence of linear electron transport rate, JPSn (A, B), and non­
photochemical quenching, NPQ (C, D), for mature, exposed east (□ )  and west (□ )  facing Riesling 
(A, C) and Pinot Noir (B, D) grapevine leaves. Each point is the mean ± SE  of 5-9 leaves.
A summary of light-saturated {PAR -  1900 - 2100 |Limol photons m'2 s'1) linear electron 
transport, (Jsat) from all days measured confirmed that Jsat varied with leaf temperature 
for both varieties (Fig. 5-4). For all measurements of the Riesling variety, the range of 
leaf temperature at maximum irradiance varied from approximately 12 - 37°C and from 
26 - 44°C for east facing and west facing leaves respectively (Fig. 5-4A). As in Figures 
5-1 and 5-3A maximum Jpsn for east facing leaves was generally limited by sub-optimal 
temperature measured during morning peak irradiance. During afternoon peak 
irradiance west facing leaves were at or above optimum leaf temperature for Jpsn and 
limited only by high afternoon temperature (Fig. 5-4A). The temperature response of 
east and west facing Pinot Noir leaves was qualitatively similar (Fig. 5-4B). The 
temperature optimum for J sat was in the same leaf temperature range as Riesling (27-
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28°C) with the exception that the optimum Jsat was higher (225 pmol e' m'2 s’1; Fig. 5- 
4B). Pinot Noir appears to be more temperature sensitive than Riesling, however, more 
data points need to be taken under more controlled conditions before a quantitative 
conclusion can be made (Fig. 5-4B). As was the case for Riesling, sub-optimal Tjeaf 
generally limited J Sat in east facing Pinot Noir leaves during morning peak illumination. 
This trend was reversed for west facing leaves in which ysat was limited by high 
afternoon 7!eaf (Fig. 5-4B). Variance components analysis supported the hypothesis that 
there is a significant difference between east and west facing leaf J^  resulting from an 
interaction with temperature (REML,/? < 0.001).
10 15 20 25 30 35 40 45
Figure 5-4. Light-saturated (1900-2000 pmol photons m'2 s'1) linear electron transport rate, Jsa„ 
plotted against leaf temperature, 7ieaf, for mature, exposed east (□ ) and west facing (□ ) Riesling 
(A) and Pinot Noir (B) grapevine leaves. Each point is the mean ± SE of 5-20 leaves.
Interestingly there was no evidence of a sustained down-regulation of optimal PSII 
quantum efficiency, as measured by the chlorophyll fluorescence yield FJFm, during 
these typical low temperature mornings. For the same canopy of Riesling leaves (Fig. 5- 
1) under full irradiance (PAR = 1900 - 2100 prnol photons m'2 s'1) and a 9 am
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temperature of 15.3°C, the mean ± SE of FJFm at midday was 0.810 ± 0.003. Predawn 
(3 am) and mid-afternoon (3 pm) FJFm values on the same day also showed no 
evidence of a sustained decline, both being 0.78 ± 0.01 (see also Fig. 2-3). The FJFm 
for the east facing Pinot Noir leaves was also maintained close to optimum efficiency 
throughout the day (see Fig. 2-4G). The west facing Pinot Noir leaves exhibited a 
greater sensitivity of FJFm to light and temperature during the warm to hot afternoon 
conditions (Fig. 2-4G); however, this depression only lasted during high irradiance and 
recovered rapidly upon return to low light conditions.
The rapid recovery of FJFm of east facing Pinot Noir leaves subsequent to early 
morning peak illumination at full sunlight (2012 ± 56 pmol quanta m'“ s' ) and low 
temperature (minimum air temperature was 10.6°C and mean 9am temperature was 
20.9°C) is presented in Figure 5-5 and is characterized by three phases. The majority of 
FJFm was recovered after the first two-minute phase of dark acclimation, and mainly 
consisted of recovery of the maximum fluorescence yield, Fm (Fig. 5-5 inset). The 
second slower recovery phase continued for the following hour and consisted mainly of 
the continued increase in Fm. After three hours of dark-acclimation, the leaves had 
recovered almost completely to predawn FJFm levels and during the third phase Fm 
recovered very slowly (Fig. 5-5).
Riesling intrinsic growth rate has been demonstrated to be more temperature sensitive 
than Pinot Noir (Fig. 2-5). Riesling intrinsic photosynthetic capacity was also shown to 
be more limited than Pinot Noir, assuming all else being equal (Fig. 2-4). In this present 
study, Riesling appears to have a more limited optimum Jsa{ and a greater capacity for 
NPQ than Pinot Noir at each light intensity and would thus show a more extreme 
photoprotective response to low temperature treatment (Figs. 5-3 & 5-4). For this 
reason, Riesling vines were grown in the glasshouse for further analysis under 
controlled conditions.
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Figure 5-5. Recovery of the maximal photochemical efficiency of PSII, FJFm (□ ) , during post­
illumination dark acclimation for exposed east facing grapevine (Vitis vinifera L. cv. Pinot Noir) 
leaves on the 17th November 2001. Mean minimum air temperature was 10.6°C, mean 9 am air 
temperature was 20.9°C and morning peak irradiance was 2012 ± 56 pmol quanta m'2 s'1 similar to 
Fig. 5-2. Predawn Fy/Fm was 0.776 ± 0.004 (□ ). Inset: recovery of the minimum, F0 (□ ) , and 
maximum, F m (□ ), chlorophyll fluorescence yields during the same period. Light intensity of 
measurement was 1800 pmol quanta m'2 s'1 at time = 0 min. Leaf temperature was 24.3 ± 0.4°C 
during recovery. Each point is the mean ±SE  of 6 leaves.
5.3.2 Responses of leaf photosynthesis and energy dissipation to temperature, 
light, C 02 and 0 2
The results of the photosynthetic temperature response curve in this study confirm the 
observations of the preceding Chapters (Fig. 5-6). Light-saturated leaf photosynthetic 
C 02 fixation rate (^max) was highly sensitive to changes in temperature showing an 
approximate Qio of 1.7 ± 0.1 for glasshouse grown Riesling vines (Fig. 5-6A). 
Measurements of concurrent chlorophyll fluorescence also confirmed the field evidence 
(Fig. 5-4) for a strong temperature dependence of leaf photosynthetic linear electron 
transport rate at light-saturation (Jpsii; Qio = 2.5 ± 0.1; Fig. 5-6B). Photosynthetic 
irradiance response curves revealed that at light saturation (800 pmol quanta m'“ s' ),
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the percentage of absorbed light (in excess of that required for linear electron transport) 
increased from 53 ± 3% to 83 ± 1% at 25°C and 10°C, respectively. The amount of 
excessive radiation at sub-saturating light intensities (300 pmol quanta m'2 s'1) also 
increased with a reduction in temperature.
Low temperature also reduced other electron-consuming processes (such as 
photorespiration and the water-water cycle as evidenced by a reduction in the ratio of 
Jpsn to the rate of electron transport used for carbon fixation, Jc, (calculated as the 
minimum electron requirement for^). Jpsu/^c was reduced from 1.7 ± 0.1 to 1.0 ± 0.1 
from 25°C to 5°C, respectively (Fig. 5-6). The response of leaf NPQ was inversely 
related to Jpsn and showed strong inversely proportional temperature dependence (Qio = 
0.6 ± 0.1; Fig. 5-6C). These responses were not a result of sustained net 
photoinactivation of grapevine leaves (see legend of Fig. 5-6).
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Figure 5-6. Light-saturated (800 pmol quanta m'2 s'1) rate of carbon assimilation, Asat, (A), linear 
electron transport rate, J Psn, (B), non-photochemical quenching, NPQ (C), and energy dissipation 
analysis of grapevine leaves plotted against leaf temperature. Each point is the mean ± SE of 3-4 
leaves. In panel B, total linear electron transport (□ ) and linear electron transport to carbon 
fixation (□ ; Jc) are presented. In panel D, the estimated fraction of absorbed irradiance dissipated 
via photochemistry (<J>pSn), light-dependent ApH and xanthophyll mediated thermal dissipation 
(<£>npq) and the sum of fluorescence quenching and light-independent thermal dissipation (Of,D) is 
presented. Measurements were undertaken at 210 mbar 0 2 and 360 pbar C 0 2. Intercellular C 0 2 
partial pressure was relatively constant at 274 ± 14 pbar and was not reduced by decreasing leaf 
temperature. Calculations were made assuming a constant mesophyll conductance (gm = 0.3 mol 
C 0 2 m'2 s'1 bar'1). Mean Fy/Fm subsequent to similar treatments were 0.834 ± 0.013, 0.832 ± 0.015, 
0.853 ± 0.016, 0.831 ± 0.008 and 0.851 ± 0.002 for leaves treated at 25°C, 20°C, 15°C, 10°C and 5°C, 
respectively.
Utilisation of incident photons was analysed in more detail in Figure 5-6D. 
Photochemistry (d>Psn), light-dependent ApH- and xanthophyll-mediated non­
photochemical thermal dissipation (<I>npq) and the sum of light-independent heat 
dissipation and fluorescence (Ofto) were engaged to varying extents in energy
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2  1
dissipation at saturating light intensity (800 pmol quanta m'~ s' ) and varying leaf 
temperature (Fig. 5-6D). As leaf temperature was reduced below 25°C Opsn decreased 
in response to a reduction in the capacity of AsaU Jpsn and JpsiiA/c (Fig. 5-6A, B & D). 
The percentage of absorbed radiation that was dissipated by Opsn was reduced from 38 
± 1% at 25°C to 7 ± 1% at 5°C. Additionally Of,D also exhibited a temperature sensitive 
component, being reduced from 26 ± 2% at 25°C to 18 ± 0% at 5°C (Fig. 5-6D). At all 
temperatures 0 Npq increased from 37 ± 3% to 75 ± 1% to account for the reduction in 
0>psii and Of o from 25°C to 5°C, respectively (Fig. 5-6D).
The combined influence of light and temperature on NPQ was demonstrated in Figure 
5-7, measured simultaneously in 360 pbar CCT and 210 mbar O2 . The light response 
curves for NPQ had a hyperbolic relationship where NPQ saturated at lower light 
intensity when temperature was reduced (Fig. 5-7).
The energy dissipation response of grapevine leaf to temperature was further evaluated 
in response to light intensity (Fig. 5-8). Opsn, 0 Npq and Ofo were engaged to varying 
extent in energy dissipation at 25°C and 10°C under varying light intensity (Fig. 5-8). 
Upon lowering of leaf temperature from 25°C to 10°C at all light intensities O ^ pq 
increased to account for the reduction in PSII photochemistry and OfiD (Fig. 5-9). At 
light-saturation, Onpq increased from 64 ± 1% to 75 ± 3% of total absorbed radiation at 
25°C and 10°C, respectively to account for the reduction in Opsn (Fig. 5-8).
The response of energy dissipation under light-limiting conditions was relatively greater 
than at light saturation. At 400 pmol quanta m'~ s' , Opsn was reduced from 57 ± 2% to 
24 ± 1% between 25°C and 10°C. was also reduced from 26 ± 1% to 20 ± 0.01% 
illustrating a light-dependent component of Of o- Onpq showed a dramatic increase from 
17 ± 2% at 25°C to 56 ± 2% at 10°C to account for the reduction in Opsn and OfiD at the 
lower temperature (Fig. 5-8). The response of energy dissipation to varying leaf 
temperature and CO2 and O2 partial pressures is further described in Appendix 3.
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Figure 5-7. Non-photochemical quenching, ArPQ, plotted against photosynthetically active 
radiation, PAR, for Riesling leaves at five different temperatures: 25°C ( □ ) ,  20°C ( □ ) ,  15°C (□ ) ,  
10°C ( • )  and 5°C ( □ ) .  Measurements were undertaken in air at 210 mbar 0 2 and 360 pbar C 0 2. 
Each point is the mean ± SE of three leaves.
140 Chapter 5: Photoprotection of Grapevine L eaves at Low T emperature
1.0
.E I  0.
"ö ro
Ö) Q.
£  « 0,
■̂= .12
3  ~D+■* 0.£  cu
CJ> 0  
^  ■D
■§ S i .,
o  £e  +■*
■- 0.
o E
r- 0
O o  °- 3  o O +5 
IQ O n
£ £  °-
0.0
PAR, nmol quanta m 2 s'1
Figure 5-8. Estimated fraction of absorbed irradiance dissipated via photochemistry, <J>pSn, 
light-dependent ApH and xanthophyll mediated thermal dissipation, <J>NPq, and the sum of 
fluorescence quenching and light-independent thermal dissipation, d>f<D, for mature glasshouse- 
grown grapevine leaves (V. vinifera L. cv. Riesling) illuminated at varying light intensity, PAR, at 
either 25°C (A) or 10°C (B). Measurements were undertaken at 210 mbar 0 2 and 360 pbar C 0 2. 
Each point is the mean ± SE of 3-4 leaves. See materials and methods for complete descriptions of 
each term.
5.3.3 Lack of net photoinactivation of PSI at low temperature
Measurements of the relative content of photooxidisable P700 in photosystem I, AT, 
during treatment under low temperature and high light conditions revealed that AT is 
resilient to inactivation for up to 2 hours under these conditions (Fig. 5-9). In contrast, 
the intrinsic quantum efficiency of PSII inactivation (as measured by FJFm), declined to 
a value below 0.3 over the same period.
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Figure 5-9. Intrinsic quantum efficiency of PSII, FJFm, (□ ), and the relative reduction state of 
content of photo-oxidisable P700 in PSI, AT, (•) of grapevine (V. vinifera cv. Riesling) leaf discs 
illuminated at 1300 pmol quanta m"2 s"1 and 6°C over time.
5.3.4 Xanthophyll de-epoxidation state and total carotenoid pool sizes in field- 
and glasshouse-grown grapevines
The increase in xanthophyll de-epoxidation state (DPS) was well correlated with an 
increase in both chlorophyll fluorescence parameters NPQ and Onpq for mature, 
exposed Pinot Noir leaves (R2 = 0.97; p < 0.0001 for both methods; Fig. 5-10A & B). 
The DPS vs. NPQ relationships for both canopy aspects were not significantly divergent 
and were thus pooled for analysis (Fig. 5-10A & B). The majority of the foliar pool of 
violaxanthin was converted to antheraxanthin and zeaxanthin during both morning and 
afternoon peak irradiance periods for east and west facing leaves, respectively (Fig. 5- 
10A & B). Peak DPS was similar for east at 9 am compared to west facing leaves at 6 
pm. West facing 3 pm and 6 pm leaf measurements were also not significantly different. 
Interestingly, predawn DPS was approximately 30% and was not accounted for by 
either NPQ or C>npq (Fig- 5-10A & B). The combined relationships for both methods 
were described by a straight line [ NPQ = 6.89 x D P S - 1.95 and 
®NPQ ~ 1.05 x DPS-0.28] and were both used to predict values of DPS from 
measurements of leaf NPQ and Onpq on subsequent days (Fig. 5-10C & D). Leaf DPS
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was calculated from NPQ and Onpq data in Fig. 5-2D and clearly demonstrates that at 
equal irradiance east facing leaves exposed to lower morning temperature developed 
significantly greater DPS during the early morning period than the warmer west facing 
leaves in the afternoon (Fig. 5-IOC). However, the relative difference between east and 
west facing maximum DPS was significantly greater when NPQ was used to estimate 
DPS throughout the morning period (Fig. 5-1OC). In contrast, only the early morning 
period was relatively higher for east facing leaves when using 0 Npq to predict DPS (Fig. 
5-10D).
Total leaf carotenoid contents did not vary significantly (p = 0.31) with canopy aspect 
or time for either variety and were thus pooled for analysis in each variety (Table 5-3). 
Constituents of the total carotenoid content for both varieties were broken down into 
average percentages maintained as Neoxanthin (N), Lutein (L), ß-Carotene (ßC) and the 
total xanthophyll content (V + A + Z) (Table 5-3). Riesling leaves of both field and 
glasshouse-grown vines showed no significant difference between total carotenoid 
content or total xanthophyll content despite considerably warmer minimum temperature 
(20°C) for the glasshouse-grown vines (Table 5-3). Total leaf carotenoid contents were 
similar between varieties when expressed on a per fresh weight basis, but a significantly 
higher chlorophyll content in Riesling leaves (shown as carotenoid to chlorophyll ratios 
in Table 5-3) reduced the total leaf carotenoid content when expressed on a per 
chlorophyll basis. Despite this relative increase in carotenoid content for Pinot Noir, 
total xanthophyll content remained similar between varieties. Mean total V+A+Z pool 
size was 13.1 ±0.6 mg.g'1 FW for field-grown Riesling.
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Figure 5-10. Non-photochemical quenching, ArPQ (A) and the estimated fraction of absorbed 
irradiance dissipated via light-dependent ApH and xanthophyll mediated thermal dissipation, <&NPq 
(B), plotted as a function of xanthophyll de-epoxidation state, DPS, for mature, exposed, east (□) 
and west (□ ) facing grapevine (V. vinifera L. cv. Pinot Noir) leaves. Panels C and D are estimated 
DPS plotted against time of day for east (□ ) and west (□ ) facing grapevine leaves for NPQ and 
0 NPQ, respectively. DPS and fluorescence data in panel A and B were taken on the 5th December 
2001, and DPS in panel C and D was estimated from NPQ and <&NPq data in Figure 5-2 D. The 
relationship between DPS and NPQ in panel A is NPQ = 6.56 x DPS -1.83 (R2 = 0.98; p < 0.0001).
The relationship between DPS and d>NPQ in panel B is o  = 0.99xD PS-  0.26 (R2 = 0.97; p < 
0.0001). Each point is the mean ±SE  of 3-6 leaves.
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5.3.5 Photorespiration and the water-water cycle at low temperature
The relationships between the ratio d>Psn :Oco2 and leaf temperature (Table 5-4) at two 
oxygen partial pressures (210 mbar and 20 mbar) are an estimate of the quantum 
requirement for linear PSII electron flow per CCL fixed and has a theoretical minimum 
of 8 (Oberhuber & Edwards 1993). Experimental values are expected to be greater than 
the minimum requirement because of electron flow to other electron consuming 
processes such as O2 reduction or nitrate/sulphate assimilation.
Table 5-3. Total carotenoid pool size, total xanthophyll pool size and the percentage breakdown of 
total carotenoid pool into the constituents: neoxanthin, Lutein, ß-Carotene and the xanthophylls 
violaxanthin, antheraxanthin and zeaxanthin (V+A+Z) for mature, exposed, field-grown Pinot Noir 
and Riesling and glasshouse-grown Riesling leaf. Different letters indicate a significant difference 
between rows. Each point is the mean ± SE  of 3-26 leaves.
Site
Pinot Noir, Riesling, Riesling,
Field Field Glasshouse
Total carotenoid pool 
size
mg.g'1 FW 
mmol.mol'1 Chi a
46.0 ± 4.7a 
872 ± 3 2 b
45.6 ± 1.8a 
711 ±10c
54.9 ± 18.8a 
654 ± 50c
mmol.mol’1 Chi (a+b) 575 ± 12° 494 ± 5e 470 ± 27e
Total xanthophyll 
(V+A+Z) pool size
mg.g'1 FW 
mmol.mol’1 Chi a 
mmol.mol'1 Chi (a+b)
11.3 ± 1.4h 
184 ± 12°
112 ± 10H
13.1 ±0 .6h 
199 ± 5 °  
138 ± 4h
16.4 ± 7.0h 
182 ±36°  
131 ± 2 3 h
Neoxanthin, % 12.2 ±0.5* 12.7 ± 0.1* 11.0 ±0.2'
Percentage of total Lutein, % 40.4 ± 0.7J 37.9 ± 0.3J 38.1 ± 1.9J
carotenoid pool ß-Carotene, % 27.7 ± 0.4k 21.4 ± 0.3l 23.5 ± 1.1L
V+A+Z, % 19.7 ± 1.4m 27.9 ± 0.2n 27.4 ± 3.2n
Carotenoid: 
Chlorophyll ratio
0.58 ±0.01° 0.49 ± 0.01p 0.47 ± 0.03p
Not surprisingly, the quantum requirement for electron transfer to CO2 was higher under 
ambient O2 partial pressures compared to low (20 mbar) O2 partial pressures (Table 5- 
4). This higher quantum requirement accounts for linear electron flow to O2 via 
photorespiration and other O2 consuming processes such as the water-water cycle 
(Table 5-4). The percentage of the quantum requirement reduced by low O2 partial 
pressure was 46% and 2% at 25°C and 5°C, respectively. At low O2 partial pressures, 
the quantum requirement for electron flow to CO2 was very close to the minimum 
requirement of 8. At ambient O2 partial pressures, lowering leaf temperature from 25°C
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to 5°C lowered the minimum quantum requirement by 48% such that at 5°C the 
quantum requirement was very close to the theoretical minimum. From the 
photosynthetic model of Farquhar & von Caemmerer (1981), as described in detail in 
von Caemmerer (2000), the calculated percentage of electron flow to photorespiration at 
25°C is 29% (Table 5-4). This potentially leaves 17% of electron flow to other energy­
consuming processes including the water-water cycle.
Table 5-4. C 02 compensation point (H) ,  mean ± SE intercellular C 02 partial pressure (Cj), the
mean quantum requirement for electron transport for C 02 fixation at 210 mbar 0 2 and 20 mbar 
0 2 partial pressures, the minimum percentage of total electron transport used by photorespiration 
(/?L) and the remaining electron use by other 0 2 consuming processes at saturating light (800gmol 
quanta m'2 s'1) and five leaf temperatures in grapevine (Vitis vinifera L.). Estimations of 
chloroplastic C 02 partial pressure were made assuming a mesophyll conductance, gm = 0.3 mol C 02 
m'2 s'1 bar'1 at 25°C.
T’leaf, n , C i , O p s n :  O C O 2 O p s n :  O C O 2 Reduction by 20 Ru Other
° C pbar pbar (210 mbar) (20 mbar) mbar C L , % % processes,
%
25 37 257 ±25 17 ± 1 9.2 ±0.6 46 29 17
20 32 263 ±3 17 ± 1 9.7 ±0.2 42 26 16
15 27 253 ±7 14 ± 1 8.9 ±0.6 36 24 12
10 23 258 ± 11 10 ± 1 8.3 22 21 1
5 19 340 ± 16 9 ± 1 8.6 ± 0.5 2 14 -12
The calculated percentage of electron flow to photorespiration declined with 
temperature but not to the same extent as the total reduction in the quantum requirement 
for CO2 fixation (Table 5-4). The balance, i.e. the proportion of electron flow to 
alternative processes consuming reducing equivalents including the water-water cycle 
was thus reduced from 17% to less than 0% of total electron flow at 25°C and 5°C, 
respectively.
5.3.6 The accuracy of the FJFm parameter
The relationship between the percentage of functional PSII reaction centers (measured 
by flash-yield method) independent of chlorophyll fluorescence and FJFm after 30 min 
dark acclimation was determined in order to test the hypothesis that the intrinsic 
quantum efficiency of PSII may not adequately reflect percentage of functional PSII 
reaction centers (Fig. 5-11). Leaf discs were illuminated for varying time under high
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light at 5°C to induce net photoinactivation. A linear regression plotted through the 
relationship between FJFm and O02 (Fig. 5-11 A) resulted in a significant relationship (y 
-  0.0078* -  0.013; R2 = 0.88; p < 0.0001). The linear regression between FJFm and the 
percentage of functional PSII (Fig. 5-1 IB) was also a significant relationship (y -  
0.00829*, Adj. R2 = 0.94,p<  0.0001).
<P 0 2 normalised to controls
Percentage Functional PSII
Figure 5-11. Intrinsic quantum efficiency of PSII determined by chlorophyll fluorescence (Fy/Fm) 
plotted against the quantum efficiency of 0 2 evolution ( 0 02? A) and against the percentage of 
functional PSII reaction centers (as determined by flash yield; B). Straight lines show the linear 
regression for both relationships.
5.3.7 Quantum yield of photoinactivation and the fraction of reduced primary 
acceptor QA at low temperature and varying conditions
Having established that FJFm (and possibly O0 2 ) is an adequate parameter for the 
estimation of functional PSII, the decline in grapevine leaf disc FJFm over time under 
varying treatments was measured (Fig. 5-12). From FJFm and flash yield measurements
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the quantum yield of photoinactivation of PSII was calculated assuming that all leaf 
discs began with 0.95 ± 0.04 pmol PSII m' , which was the average value calculated 
from flash yield measurements of untreated grapevine leaves (Table 5-5). This quantum 
yield reflects the absolute amount of initial PSII reaction center function that is lost after 
the accumulation of one mole of absorbed photons. Leaf discs exposed to warm (25°C) 
conditions under saturating (1300 pmol photons m'~ s" ) light exhibited a very low 
quantum yield of photoinactivation of 0.0049 ± 0.0015 pmol PSII (mol quanta)'1 (i.e.
o
one PSII per 2x10 quanta) and a relatively small loss of FJFm after two hours 
treatment (Table 5-5; Fig. 5-12). The treatment of leaf discs under saturating light and 
chilling (9°C) temperatures greatly enhanced the rate of photoinactivation (Table 5-5; 
Fig. 5-12). After two hours of treatment at 9°C, the mean quantum yield of 
photoinactivation was 0.0181 ± 0.0042 pmol PSII (mol quanta)'1 (Table 5-5; Fig. 5-12). 
The presence of 700 pbar CCL or 20 mbar CL did not appreciably affect the rate of 
photoinactivation during cold treatment under saturating light as demonstrated by the 
similar quantum yields of photoinactivation (Table 5-5; Fig. 5-12).
The addition of phosphate solution to grapevine leaves at low temperature stimulates 
photosynthetic capacity (Chapter 4) and as demonstrated in Table 5-5 and Figure 5-13, 
the addition of a 1 mM orthophosphate solution marginally reduced the quantum yield 
of photoinactivation compared to cold treated leaves (0.0154 ± 0.0016 pmol PSII (mol 
quanta)'1; Table 5-5; Fig. 5-12). The rate of photoinactivation was dramatically 
increased with the addition of either 1 mM DTT solution, which inhibits violaxanthin 
de-epoxidase or 1 mM lincomycin, which inhibits chloroplast-encoded protein synthesis 
(Table 5-5; Fig. 5-12).
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Figure 5-12. Decline in the intrinsic quantum efficiency of PSII, FJFm, over time for Riesling 
grapevine (Vitis vinifera L.) leaf discs illuminated with 1300 pmol photons m"2 s'1 at 26°C in water 
( □ ) ,  9°C in water (□), 9°C in 1 mM D TT solution ( □ ) ,  9°C at 700 pbar C 0 2 ( • ) , 9°C at 20 mbar 0 2 
in air (□ ) ,  9°C in 1 mM K2H P 0 4 ( □ )  and 9°C in 1 mM lincomycin (□ ) .
Table 5-5. Quantum-yield of photoinactivation of glasshouse-grown Vitis vinifera L. cv. Riesling leaf 
discs after illumination for 2 hours at 1300 pmol quanta m'2 s'1 under varying experimental 
conditions. Quantum yields are calculated assuming that a linear relationship exists between FJFm 
and the percentage of functional PSII reaction centers and that all leaf discs start with 0.95 ±  0.04 
pmol PSII m'2. Each rate is the mean ± SE of 3-7 measurements. Different letters indicate a 
significant difference between columns.
Quantum yield of
T rea tm en t photoinactivation,
pmol PSII (mol q u a n ta )1
Warm (26°C) 0.0049 ± 0.001 5a
Cold (9°C) + 1 mM K2H P 0 4 0.0154 ±0.001 6ab
Cold (9°C) 0.0181 ±0.0042ab
Cold (9°C) + 20 m bar 0 2 0.0196 ± 0.0027ab
Cold (9°C) + 700 pbar C 0 2 0.0223 ± 0.0048ab
Cold (9°C) + 1 mM DTT 0.0331 ±0.0049b
Cold (9°C) + 1mM Lincomycin 0.0382 ±0.0016b
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The fraction of the stable primary acceptor quinone Qa that is reduced gives an 
indication of the susceptibility of PSII reaction centers to photoinactivation and is 
estimated using the chlorophyll fluorescence parameter 1-qP (Dietz et al. 1985). 
Glasshouse-grown leaves illuminated at varying light intensities until steady state 
photosynthesis at either 25°C or 10°C revealed that low chilling temperature increased 
the reduction state of QA and hence the susceptibility to photoinactivation at all light 
intensities although the proportionate increase declined as light intensity increased (Fig. 
5-13).
500 1000 1500 2000
PAR, pmol quanta m' 2 s ‘1
Figure 5-13. The fraction of reduced primary acceptor quinone QA as estimated using the 
chlorophyll fluorescence parameter (1-qP) plotted as a function of incident light intensity, PAR, at 
leaf temperatures of 25°C (□ ) and 10°C (□ ) for V. vinifera cv. Riesling. Each point is the mean ± 
SE of three measurements.
5.3.8 Light-dependent repair of photoinactivated PSII reaction centres
The data from Figure 5-14 confirms the results from Table 5-5 that high light and low 
temperature are required for the chronic photoinactivation of PSII reaction centers, as 
measured by the chlorophyll fluorescence ratio Fv/Fm. Treatment of leaf discs in the 
dark at either warm (warm-dark) or cool (cold-dark) conditions did not produce any 
significant losses in FJFm even after eight hours of exposure. Interestingly, cool-dark
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treated leaf discs showed a small initial decline in FJFm that recovered after 2 hours 
treatment in contrast to warm-dark treated leaf discs that showed no small initial 
depression (Fig. 5-14). As demonstrated in Table 5-5, the rate of net photoinactivation 
was slow for leaf discs illuminated under high light and 25°C, and these leaf discs 
maintained a high steady FJFm above 0.7 for the entire 8 hour treatment period despite 
artificially limited gas exchange.
Time of treatment, hr
Figure 5-14. Time course of the intrinsic quantum efficiency of PSI1 (FJFm) of Riesling grapevine 
(K vinifera L.) leaf discs kept in darkness at 25°C (□ )  or 7°C (□ )  or illuminated for 2 hours at 1500 
pmol quanta m'2 s'1 at either 25°C (□ )  or 3°C (□ , □ ). The 3°C-treated leaf discs (□ ,  □ )  were 
subsequently removed to 25°C under low light (30 (imol quanta m'2 s'1; □ )  or darkness (□ )  for the 
remaining treatment period. Each point is the mean ±SE  of 5-23 leaf discs.
Leaf discs given a cold (3°C)-light treatment exhibited a considerably faster rate of 
photoinactivation than those leaf discs measured in Figure 5-13 during the first two 
hours cold-light treatment (Fig. 5-14) reaching an FJFm of 0.33 ± 0.01. Once cold + 
light treated leaf discs were removed to warm conditions after 2 hours, recovery of 
FJFm took place only in those leaf discs illuminated at 30 pmol quanta m'“ s’ (warm- 
low light; Fig. 5-14). After six hours recovery time, warm-low light leaves had 
incompletely recovered to an FJFm of 0.63 ± 0.02 (Fig. 5-14).
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5.4 D iscussion
5.4.1 The absence of net photoinactivation
The results from this study revealed that grapevine photosynthetic carbon assimilation 
and linear electron transport rate (Jpsn) are highly temperature dependent and that low 
temperature increases the proportion of all excess absorbed light by approximately 30% 
at both Tight-limiting’ and Tight-saturating’ irradiance. This reduction was not 
explained by any net photoinactivation of PSII, measured as a sustained reduction in the 
chlorophyll fluorescence parameter FJFm (Fig. 5-6), and is in agreement with the 
absence of net photoinactivation in Pinot Noir acclimated sun leaves grown in a 
temperate climate (Chaumont et al. 1997).
The high apparent resilience to net photoinactivation under high light and/or low 
temperature in grapevines could have been attributed to the possibility that FJFm is an 
inappropriate measure of the intrinsic quantum efficiency of PSII light capture in 
grapevine. This possibility was not supported for glasshouse-grown Riesling leaves 
when FJFm was compared with direct flash-yield measurements to estimate the number 
of functional PSII reaction centers (Fig. 5-11). Although this study reports a linear 
relationship, FJFm should be used with caution to explain field data. Flexas et al. 
(2001) reported a non-linear relationship between Fv/Fm and the flash yield of O2 
evolution for Vitis riparia. Where the flash yield method was used to evaluate FJFm, 
Capsicum annuum and pumpkin leaves had a distinct linear relationship (Tyystjärrvi & 
Aro 1996; H.-Y. Lee and W.S. Chow, unpublished data). However, pea leaves reported 
in two separate studies showed a linear (Öquist et al. 1992) and a curvilinear (Park et al. 
1996b) relationship indicating that the nature of the relationship may be influenced not 
only by species but also growth and/or treatment conditions. If this is the case then the 
fluorescence parameter, \/F0 - 1 /Fm, may be used more appropriately as this has been 
shown to be a consistently linear indicator of net photoinactivation under a range of 
conditions (Park et al. 1995; Lee et al. 1999). It seems unlikely that in this study, loss of 
FJFm overestimated the degree of photoinactivation. In cold-acclimated spinach leaves 
the fast recovery phase of FJFm that takes place within the first hour of dark- 
acclimation was highly correlated with the epoxidation of zeaxanthin (Thiele et al.
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1996). Thus the thirty-minute dark acclimation of grapevine leaves undertaken in this 
study may have been sufficient to completely relax xanthophyll epoxidation (Fig. 5-5).
There is some evidence from field (Fig. 5-5) and laboratory (Fig. 5-9, 5-13 & 5-15) 
measurements that sustained depressions in FJFm can occur after grapevines are treated 
with extreme conditions of light and low temperature. The chlorophyll fluorescence 
relaxation quenching process ql, although poorly defined, is believed to be a component 
of NPQ that is caused by net photoinactivation (ie. a sustained reduction of FJFm\ 
Müller et al. 2001). The relaxation time for ql was greater than one hour and is 
associated with the turnover of photoinactivated D1 protein in cold-acclimated spinach 
(Thiele et al. 1996). The presence of a small and slowly relaxing depression of FJFm in 
the field experiments may be due to ql and alternatively, recent studies of the possible 
component processes of ql suggest that not all of the dark-acclimated reduction in FJFm 
is due to damage of D1 protein but rather a result of sustained quenching of Fm for long 
periods in darkness. This sustained quenching is thought to reflect either the 
maintenance of a reduced plastoquinone pool via chlororespiration (Nixon 2000; Jones 
& Hoegh-Guldberg 2001), a residual level of membrane energisation via ATPase 
activity in the dark (Gilmore & Björkman 1994) or a conformational change in LHCII 
organisation brought about by stable protonation of thylakoid proton domains (Ruban & 
Horton 1995). The sustained quenching of ql described by Ruban & Horton (1995), for 
example, can limit dark-acclimated FJFm by up to 17% and is the major component of 
a decline in FJFm subsequent to moderate photo inhibitory conditions, such as those 
used in the present study. Thus, any measurable ql in grapevine could be due to 
sustained quenching by photoprotective conformational changes rather than a loss of 
PSII function. This also makes interpretation of a curvilinear relationship between 
FJFm and the proportion of functional PSII reaction centers more complex. If the level 
of damage-unrelated ql is modulated by the preceding photosynthetic rate (Gilmore & 
Björkman 1994) then the relationship between FJFm and PSII function will change not 
only with prior illumination intensity but also with time under illumination.
Additional evidence that loss of FJFm may in fact overestimate photoinactivation is 
found in studies of the diurnal turnover of xanthophyll pools. In the present study, 
predawn DPS was approximately 30% A and Z and may also be partly involved in 
sustained thermal dissipation in the dark (Fig. 5-10). This sustained DPS can be
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maintained throughout the night under chilling conditions as hypothesized by Adams et 
al. (1995). Bilger & Björkman (1991) also observed that the rate of epoxidation of 
zeaxanthin during dark acclimation was limited by low temperature in cotton. Gilmore 
& Björkman (1995) further demonstrated that the rate of epoxidation in cotton leaves 
was halved at 15°C such that after 50 minutes of dark acclimation DPS was still 
maintained close to the DPS under the preceding illumination treatment. Leaves of 
soybean were also revealed to retain zeaxanthin in the dark-acclimated state (Demmig- 
Adams et al. 1989).
It has been demonstrated that the retention of zeaxanthin in the dark by abscisic acid- 
deficient Arabidopsis mutants enhances non-photochemical quenching upon 
illumination but this does not enhance the steady state values of NPQ (Hurry et al. 
1997). The grapevine FJFm data corroborates this observation, since predawn FJFm is 
lower than the FJFm measured at the end of the day. In this case, predawn quenching of 
Fm leads to an underestimation of values of NPQ that explains why the O npq vs. DPS 
and NPQ vs. DPS relationships do not pass through the origin (Fig. 5-10). Similar points 
are found in the Manto Negro grapevine NPQ vs. DPS relationship (Medrano et al. 
2002). This phenomenon may also be a component of the rapidly reversed reduction in 
FJFm seen throughout the day in field-grown vines as it coincides with peak DPS. Peak 
DPS is related to peak irradiance periods for both east and west facing grapevine leaves 
(Fig. 5-10). Because photoinactivation is a light-dependent phenomenon the rapid 
induction of non-photochemical quenching subsequent to early morning illumination by 
zeaxanthin and antheraxanthin retained in the dark represents a potentially important 
photoprotective mechanism for dissipating excess light as heat. Although the maximum 
rate of heat dissipation may be unchanged, as in the abscisic acid mutants of 
Arabidopsis (Hurry et al. 1997), the immediate induction of non-photochemical 
quenching provides a temporary mechanism for photoprotection from excessive light 
under unfavourable environmental conditions until either the conditions improve or 
other more slowly-induced phases of photoprotection (including photosynthesis) take 
over. This would be especially important under early morning chilling conditions where 
the rate of dissipation via photochemistry would be limited (Adams et al. 1995).
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Thus, in studies where low temperature treatments are involved, care must be taken in 
the interpretation of ql or any sustained reduction in FJFm as photoinactivation since 
this could represent a long-term mechanism of photoprotection rather than damage per 
se. Field and laboratory observations show that FJFm remains a linear indicator of 
grapevine net photoinactivation or photoinhibition and that net photoinactivation does 
not readily occur in field conditions. Extrapolation of this relationship to other C3 crop 
species must be undertaken with caution since the FJFm vs. O2 Flash Yield relationship 
can deviate from linearity depending on growth conditions. Further detailed 
investigation of the absence of sustained photoinactivation of grapevine leaves in the 
laboratory yielded two important results: (1) that the intrinsic repair rate of 
photoinactivated PSII reaction centers at low temperature is high enough to maintain a 
low rate of net photoinactivation and (2) that light-dependent thermal dissipatory 
processes were sufficient for effective minimisation of gross photoinactivation.
5.4.2 The rate of D1 repair at low temperature
The net photoinactivation of a PSII reaction centre is an inevitable consequence of 
illumination, resulting in the loss of one active PSII occurring in every 106-107 photons, 
and it obeys the law or reciprocity between irradiance and time under illumination 
(Anderson et al. 1997). For this reason the sensitivity of grapevine leaf to gross 
photoinactivation could be determined by measuring the quantum yield of 
photoinactivation in the presence of lincomycin, a non-specific inhibitor of chloroplast- 
encoded protein synthesis. Studies by other authors reported maximum quantum yields 
of photoinactivation of 0.06, 0.1 and 0.3 pmol PSII (mol quanta)"1 for pumpkin 
(Tyystjärvi & Aro 1996), capsicum (Lee et al. 1999) and pea (Park et al. 1995) leaf 
discs and 0.1-0.3 prnol PSII (mol quanta)'1 for spinach PSII membrane fragments 
(Eckert et al. 1991) in the presence of lincomycin. The maximum quantum yield of 
photoinactivation was approximately two-fold higher for cold-treated grapevine leaf in 
the presence of lincomycin compared to cold-treated leaves infiltrated with water and 
would be expected to be even lower for warm-treated leaves due to the increased 
dissipation of light energy via photochemistry (as demonstrated when comparing the 
rate of photoinactivation at high and low temperature in the absence of lincomycin; 
Table 5-5). This is unlikely to be a function of growth irradiance as demonstrated for 
pea plants grown at high and low light (Aro et al. 1993) but rather some other inherent
Chapter 5: Photoprotection of Grapevine Leaves at Low Temperature 155
species-specific variation. Thus, measurements of the quantum yield of 
photoinactivation in this study confirmed that grapevine leaves are highly resilient to 
photoinactivation at low temperature even in contrast to other species illuminated at 
more moderate leaf temperature.
Measurement of the quantum yield of photoinactivation in the presence of lincomycin 
also suggests that D1 protein repair is a highly important process at low temperature in 
grapevine leaves (Table 5-5). This is surprising given that the D1 repair process can be 
highly temperature dependent (Lee et al. 1999) and even completely inhibited by low 
temperature (Salonen et al. 1998). From the doubling of the rate of loss of FJFm in the 
presence of lincomycin we can infer that the rate of repair was roughly equivalent to 
one-half of the rate of gross photoinactivation at 9°C and 1300 pmol quanta nf2 s'1.
In addition to a high intrinsic rate of repair in vivo, the specific row orientation common 
to both field sites may also have contributed to limited net photoinactivation in the field. 
Low light has been demonstrated to be required for recovery of severely 
photoinactivated grapevine leaves (Fig. 5-14) and D1 protein repair rates are saturated 
at low light intensities (Park et al. 1996b). Thus, the temporal separation of irradiance 
into two ‘perceived’ peaks in the field situation limits the time under potentially 
photoinhibitory conditions and allows the exposed leaves of both aspects of the 
grapevine canopy considerable time under low light for optimum repair of any PSII 
reaction centres that were photoinactivated during the high light period (Figs. 5-1 & 5- 
2). This north-south row orientation would be more advantageous than having 
continuous strong illumination during the day and repair at very low rates in darkness 
(He & Chow 2003) as would be expected from an east-west orientation. Any 
suppression of D1 repair during low morning temperature is also likely to be offset by 
the optimal temperature for repair during afternoon low light conditions for the east 
facing leaves (Figs. 5-1 & 5-2).
The repair of damaged D1 protein in grapevine leaf at low temperature appears to be as 
important in maintaining a low net photoinactivation state as the xanthophyll cycle is in 
prevention of gross photoinactivation (Fig. 5-14; Table 5-5). These observations support 
previous studies of field-grown transgenic tobacco with highly suppressed violaxanthin
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de-epoxidase (Sun et al. 2001). These antisense plants had similar growth rates and 
photosynthetic capacities as controls despite a significantly higher susceptibility to 
photoinactivation in the antisense plants (Verhoeven et al. 2001). However, when the 
leaves were treated with lincomycin the antisense leaves were more susceptible to net 
photoinactivation suggesting that under field conditions the rate of repair was high 
enough to buffer any greater susceptibility to photoinactivation to the extent that while 
having a higher rate of gross photoinactivation a low level of ‘net’ photoinactivation 
was maintained in antisense plants (Sun et al. 2001). Cold acclimation of plants 
includes a desaturation of glycerolipids within the thylakoid membrane that accelerates 
the processing of precursor D1 protein (Murata & Nishiyama 1998). Thus it is expected 
that cold-acclimated field-grown vines would have an even greater resilience to 
photoinactivation at low leaf temperature.
5.4.3 Xanthophyll-mediated photoprotection at low temperature
Thermal dissipation of absorbed light via xanthophyll-mediated non-photochemical 
quenching is a highly significant photoprotective mechanism in grapevine at low 
temperature. This is demonstrated by the dramatic increase in the quantum yield of 
photoinactivation seen after the addition of dithiothreitol, a non-specific inhibitor of 
violaxanthin de-epoxidase (Table 5-5). DTT is also a known inhibitor of the Mehler 
ascorbate peroxidase reaction (Schrieber & Neubauer 1990). However, the illumination 
of leaf discs at 20 mbar Cb, which suppresses the water-water cycle, did not appreciably 
increase the rate of net photoinactivation at 9°C (Table 5-5). Thus the decrease in FJFm 
observed here was likely to be associated with inhibition of violaxanthin de-epoxidase 
and the xanthophyll cycle. The importance of xanthophyll-mediated NPQ has 
previously been demonstrated in several species for protection from net 
photoinactivation at high light and low temperature (Bilger & Björkman 1991; Adams 
et al. 1995; Xu et al. 1999). Dissipation analysis of grapevine leaves (Fig. 5-6) revealed 
that when the quantum efficiencies of photochemistry, fluorescence and light- 
independent thermal dissipation are reduced by low temperature, the fraction of 
absorbed light dissipated by ApH- and xanthophyll-mediated non-photochemical 
quenching increased to compensate at all irradiances, reflecting the competition 
between the three processes.
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The daily fraction of total absorbed light dissipated via ApH- and xanthophyll-mediated 
energy dissipation for field-grown grapevines was always greater than 50%. At light- 
saturation, however, this fraction can be up to 75% of total absorbed radiation, a figure 
identical to that quoted by Niyogi (1999). A recent review by Flexas & Medrano (2002) 
showed that the leaves of many species under saturating light thermally dissipated up to 
50% of absorbed light under irrigated circumstances and that under extreme drought 
stress this percentage could increase up to 70-90%. Flexas & Medrano (2002) also 
quoted specific values of 64% and 75-92% for irrigated and drought stressed 
grapevines, respectively, under high light and high temperature. The irrigated 
grapevines in the present study are marginally lower than this range at equivalent light 
intensities (50 ± 3%) and this is likely due to more moderate leaf temperatures 
compared to the 35-40°C reported by Flexas & Medrano (2002). It is clear that 
grapevine leaves rely heavily upon thermal dissipation under stressful conditions, 
including low leaf temperature, and that the capacity for thermal dissipation is very high 
even at optimum leaf temperature (35-37%).
The use of chlorophyll fluorescence to assess the fraction of absorbed light utilised via 
the various dissipatory pathways has previously been attempted, revealing a high 
dependence on non-photochemical quenching for light-dissipation under field and 
laboratory conditions (Demmig-Adams et al. 1996). A more recent study by Hovenden 
& Warren (1998) also used the method of Demmig-Adams et al. (1996) to determine 
the rate of energy dissipation of cold-hardened and non-hardened eucalypt leaves at 
high (20°C) and low (5°C) temperature. Hovenden & Warren (1998) discovered that, for 
5°C-treated leaves, light absorbed by the light-harvesting antennae was utilized less in 
photochemistry and dissipated more as heat at all light intensities. The results of the 
present study are in agreement with the findings of Hovenden & Warren (1998). 
Interestingly, Hovenden & Warren (1998) showed that acclimation to low temperature 
included a relative increase in the dependence of energy dissipation on photochemistry 
at low temperature while the response to high temperature remained relatively 
unchanged. Such a cold-acclimation process may occur in grapevines and consequently 
the results obtained with glasshouse leaves in this study may be exaggerated under field 
conditions.
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Although the results of this study were qualitatively similar to the observations of 
Demmig-Adams et al. (1996) and particularly Hovenden & Warren, (1998) there was 
no excess amount of light energy unaccounted for by the various dissipatory processes 
in our treatment of the data. This should not be surprising considering the currently 
accepted theory that photoinactivation occurs via oxygen radical formation either from 
the Mehler reaction (included in Opsn) or more likely, the formation of excited singlet 
state oxygen and/or P680+ in the PSII reaction center, all of which are thought to 
degrade PSII reaction centers (Anderson et al. 1997; Müller et al. 2001). Either process 
of photoinactivation would imply that not all energy utilised via photochemistry has a 
useful endpoint and thus all absorbed light energy that contributes to photoinactivation 
would be accounted for in measurements of photochemistry or thermal dissipation. 
Thus there should be no excess of light energy unaccounted for that contributes to 
photoinactivation or otherwise. The use of the dfro and Onpq terms effectively accounts 
for that excess light energy.
The underlying assumption of the energy dissipation measurements in this present 
method is that the dissipation unaccounted for by Opsn is included in the terms Of,D and 
O npq. The fluorescence relaxation component ql, measured as a reduction in dark- 
acclimated Fm would thus reside in both Of,o and Onpq. For species that exhibit high 
rates of photoinactivation, a measurement of the photoinactivated leaf subsequent to at 
least one hour of dark acclimation may show which of these two components of energy 
dissipation were affected by net photoinactivation. The ability of photoinactivated PSII 
reaction centers to become strong quenchers of excess light under conditions that lead to 
chronic net photoinactivation could also be evaluated by measuring the relative 
importance of each photoprotective process (Lee et al. 2001). Thus, simple estimates of 
chlorophyll fluorescence yields allow both instantaneous and accumulated daily 
estimates of the fraction of absorbed light received by the leaf that is dissipated via the 
various pathways of dfrD, Opsn and Onpq. This analysis contributes to a more thorough 
understanding of the relative importance of the various energy dissipation mechanisms 
under different conditions as demonstrated in Figures 5-1, 5-2 & 5-6.
It is clear from the field measurements taken in this study (Fig. 5-10), and inherent in 
the differing methods of calculation, that a discrepancy exists between the two
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chlorophyll fluorescence ratios <J>npq and NPQ. Values of NPQ are not constrained or 
normalised in any way to total energy dissipation or utilisation. Onpq, on the other hand, 
is a fraction of dissipated energy and constrained to a maximum value of one. Both 
NPQ and Onpq exhibited highly correlated relationships with DPS but NPQ exaggerated 
the differences between canopy aspects at peak light intensity (Fig. 5-10). The 
relationship between the xanthophyll de-epoxidation state, DPS [when recalculated as 
(0.5A+Z)/(V+A+Z)\, and NPQ for Pinot Noir leaves in this study had a very similar 
relationship to the highly stress-resistant Manto Negro grapevines described in Medrano 
et al. (2002). Onpq has two distinct advantages over NPQ: (1) Since Onpq is a quantum 
efficiency it is able to be used in association with Opsn and Of d to assess the fraction of 
absorbed light dissipated thermally and (2) O npq is an quantum efficiency that can be 
used in an estimation of the rate of light energy dissipation through LHCII as heat, a 
form analogous to the calculation of electron transport through PSII. In addition to this, 
the fact that 0 Npq is directly related to DPS on a 1:1 basis means that the intercept of the 
equation is a direct representation of the sustained DPS in a dark-acclimated leaf (eg. 
® NPQ ~ 0.99 x D P S -  0.26). Following this logic, NPQ may overestimate the
contribution of thermal energy dissipation to photoprotection and exaggerate the 
differences between treatments, species etc (Fig. 5-10). Like NPQ, Onpq does not 
require measurement of F0' for its calculation, unlike the ratio qN, thus allowing ease of 
field measurements. Clearly, further comparative analysis between the two chlorophyll 
fluorescence ratios needs to be closely investigated under highly controlled conditions 
to enable more robust data manipulation and analysis.
Despite the quantitatively different results from estimation using NPQ and Onpq, both 
methods indicate that early morning DPS is significantly higher for east facing leaves 
under low morning temperature conditions compared to the warm-treated west facing 
leaves at similar light intensity (Figs. 5-1, 5-2 & 5-10). This result is in agreement with 
observations of warm-grown spinach, cotton and Malva parviflora leaves (Bilger & 
Björkman 1991; Adams et al. 1995). Although the initial rate of de-epoxidation of 
violaxanthin was slower for leaves illuminated at low temperature, the final de- 
epoxidation state was higher compared to leaves treated at warm temperature (Bilger & 
Björkman 1991; Adams et al. 1995). If the contribution to thermal energy dissipation
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were consistently as great as NPQ implies, then perhaps the total carotenoid content 
may have reflected this difference?
Despite the dramatic low temperature response of NPQ in grapevines, the transient 
nature of this early morning low temperature event impacted only to a small degree on 
the total daily fraction of light dissipated via the various energy dissipation mechanisms. 
There is a marginal increase and marginal decrease in the total fraction of absorbed light 
dissipated by Onpq and d>psn, respectively (Table 5-2). Since a high and possibly 
maximal ApH would be driven by excessive irradiance (Chow & Hope 2002), a high 
irradiance may obscure any additional effects of low temperature on DPS and non­
photochemical quenching. Thus it may not be surprising that there was no significant 
difference in total carotenoid pool size or composition between grapevine canopy 
aspects if all leaf samples obtained had a history of experiencing similar, and high, 
irradiance peaks (Table 5-3). Total xanthophyll pool sizes did not differ between aspects 
and were similar to the pool sizes reported by Chaumont et al. (1997) for cool climate, 
field-grown Pinot Noir grape leaves (172.1 mmoLmol'1 Chi a). Total carotenoid pool 
size was also similar to that reported for Cabernet Sauvignon grape leaves (approx. 0.43 
mg.g'1 FW) when grown under a similar light environment but at warmer temperature 
implying a strong influence of light on carotenoid content (Steel & Keller 2000). In 
many respects, the field-grown grapevine leaves are sun acclimated leaves as expected 
from their exposed canopy positions (Table 5-3). The V+A+Z leaf concentrations [112- 
138 mmoLmof1 Chi. (a+b)] comprising 20-28% of the total leaf carotenoid content in 
this study were similar to that reported for four sun-acclimated species ranging from 
25% of the total leaf carotenoid content with corresponding V+A+Z leaf concentrations 
of 114-141 mmoLmof1 Chi. (a+b) (Demmig-Adams et al. 1995). There was also no 
variation in carotenoid content or composition between Riesling vines grown in the 
field and in the glasshouse implying that the accumulation of carotenoids was a 
response to exposure from excessive light rather than a direct response to temperature 
per se. Huner et al. (1996) suggest that ‘growth at low temperature mimics growth at 
high light’ and that this is a response to changes in the redox balance of intersystem 
electron transport. In effect, low temperature reduces the irradiance required to saturate 
photosynthesis as seen here (Figs. 5-7 & 5-8). Data from photosynthetic irradiance 
response curves in this study identified that low temperature significantly increases the
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amount of light excessive to grapevine leaves by up to 30% at steady state moderate and 
high light intensities. Thus, east facing field-grown leaves experiencing chilling 
temperatures at moderate light are equally likely to accumulate similar carotenoid 
content as west facing leaves experiencing warmer conditions but at full sunlight.
Maize plants grown under moderate light and either warm (25°C) or cool (15°C) 
conditions showed a significant reduction in the total chlorophyll content rather than an 
increase in the total carotenoid content (Haldimann et al. 1996). This resulted in a 
higher total carotenoid and xanthophyll content on a per chlorophyll basis for the 15°C 
grown plants (Haldimann et al. 1996). The transient nature of the low temperature 
events in the field sites for the present study are likely not to have been large enough to 
cause divergent canopy acclimation in carotenoid content; however, the reduced 
chlorophyll content in Pinot Noir compared to Riesling may represent an acclimation 
response to a cooler climate. Although both varieties developed similar xanthophyll 
contents, Riesling was able to generate a higher NPQ than Pinot Noir that may have 
been a result of increased xanthophylls conversion efficiency in Riesling. A comparison 
between a single grapevine variety grown in two completely different macroclimates or 
a growth cabinet study would be more likely to show evidence of a divergent trend in 
total daily light energy dissipation and carotenoid content.
The greatest varietal difference in the field appears to be that Riesling was more 
dependent upon non-photochemical quenching for energy dissipation than Pinot Noir. 
This is most probably due to the lower sensitivity of electron transport and carbon 
assimilation to temperature for Pinot Noir (Fig. 5-3 & Chapter 2). In both varieties, 
NPQ was increased and Jpsn decreased by low temperature but not to the same extent in 
Pinot Noir (Fig. 5-3). However, on a per chlorophyll basis, Pinot Noir had a higher 
carotenoid content than Riesling. This was not a result of an increased proportion of 
xanthophyll content (in fact the reverse was true) but rather due to a higher foliar 
concentration of ß-carotene (Table 5-3). ß-carotene protects the reaction center from 
photooxidation by quenching either triplet chlorophyll or singlet oxygen. (Choudhury & 
Behera 2001). ß-carotene is also thought to be an essential facilitator of de novo D1 
protein insertion into re-assembling PSII reaction centers (Trebst & Depka 1997). Thus, 
the varietal differences in carotenoid content and temperature sensitivity may represent
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a reduced reliance of Pinot Noir leaves on thermal dissipation and a greater reliance on 
photochemical dissipation to CO2 and/or O2 and a faster intrinsic rate of repair for 
prevention of net photoinactivation. The relatively greater dependence of Riesling upon 
thermal energy dissipation is clearly demonstrated in the field results where Riesling 
leaves dissipated a greater proportion of total absorbed light as heat despite similar 
amounts of light and higher leaf temperature (Table 5-2; Figs. 5-1 & 5-2).
The optimum temperature for electron transport rate appears to be the same for east and 
west facing leaves; however, east facing leaf Jpsn appears more sensitive to higher 
temperature than the west facing leaves (Fig. 5-4). This suggests the possibility of 
divergent canopy acclimation to temperature, a similar effect having been observed in 
Opuntia stricta cladodes during winter chilling (Barker et al. 1998). This phenomenon 
would only be confirmed by artificial manipulation of leaf temperature under saturating 
light in the field, a procedure that was beyond the scope of this study.
Under short-term low temperature conditions, non-photochemical quenching, as 
measured by chlorophyll fluorescence, was saturated at relatively low light intensities in 
grapevine (Fig. 5-7) implying that the capacity for thermal dissipation was saturated. 
However, recent studies have shown that only a few molecules of antheraxanthin or 
zeaxanthin per reaction center is adequate for effective photoprotection of the PSII 
reaction center (Gilmore et al. 1998; Bukhov et al. 2001). Thus despite the saturation of 
NPQ, de-epoxidised xanthophylls may still effectively maximise photoprotection of 
reaction centers at high light and low temperature. This may also explain why high 
light, high temperature acclimated west facing grapevine leaves do not have lower total 
xanthophyll pool sizes than that of high light, low temperature acclimated west facing 
leaves (Table 5-3). This explanation agrees with the report by Medrano et al. (2002) in 
which total carotenoid pool sizes did not differ between irrigated and drought-stressed 
vines that were high light acclimated. However, with a mean total V+A+Z of 130 mmol 
(mol Chi a+b)'\ a threshold DPS of 27% and an approximate concentration of 2.5 
mmol PSII (mol Chi a+b)'\ this results in a minimum ratio of approximately 14 (A+Z) 
per PSII under illumination. If only several molecules of zeaxanthin or antheraxanthin 
are required per reaction center for adequate photoprotection then why is there such an 
excess of antheraxanthin and zeaxanthin in grapevine leaves? A simple explanation is 
provided by Bassi & Caffarri (2000), and the references cited therein, who suggest that
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the low pH-mediated formation of zeaxanthin can serve one of the following three 
functions: (1) binding of the zeaxanthin to the internal or external sites of the minor 
LHCII proteins allowing the formation of stable dissipative conformations within 
LHCII complexes, (2) binding of the zeaxanthin to the internal or external sites of the 
minor LHCII proteins induces further quenching by facilitating interactions between 
neighboring pigment-proteins and (3) excessive zeaxanthin free in the membrane phase 
can further protect lipids from peroxidation by recycling tocopherol radicals.
5.4.4 Alternative light energy dissipation processes at low temperature
The electron flow to photochemistry has been demonstrated to decline at chilling 
temperature in the field (Figs. 5-1 & 5-2) and in the glasshouse under varying light 
conditions (Figs. 5-6 & 5-8). The ratio of J psii/^c clearly demonstrates that electron flow 
to processes other than carbon assimilation is greatly reduced at temperatures below 
25°C and that at 5°C alternative electron flow is almost absent (Fig. 5-6). When both 
processes were suppressed by low CL partial pressure the lack of an increase in the rate 
of photoinactivation demonstrated that the water-water cycle and photorespiration 
contributed little to photoprotection under low temperature and high light conditions 
(Fig. 5-13; Table 5-5). This result is in agreement with the observations for Epilobium 
hirsutum and Phaseolus vulgaris by Ghashgaie & Comic (1994) who showed that while 
alternative Oi dissipative processes were substantial at 25°C these processes declined to 
negligible levels below 10°C.
Photorespiration at low temperature
Photorespiration is well-known to be a highly temperature-dependent process (Badger 
et al. 2000) and a closer analysis of the quantum requirement for electron flow to CCL 
assimilation in this study demonstrated that photorespiration was reduced as an electron 
sink by low temperature (Table 5-4). The removal of 46% of the quantum requirement 
at 25°C by the presence of 20 mbar O2 compared favorably with the 45% reduction in 
quantum requirement estimated by Noctor & Foyer (1998). The reduction in quantum 
requirement was also similar to the decline of 42% and 38-50% in leaves of the C3 
Flaveria pringlei observed by Oberhuber & Edwards (1993) and Krall et al. (1991), 
respectively. The approximate 30% reduction of the electron requirement by 20 mbarCL 
and 800 pbar CO2 reported for C3 Flaveria pringlei at 15°C (Oberhuber & Edwards
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1993) compares favourably with the 36% reduction observed in this study at 15°C. This 
potential at warm temperature for energy dissipation by photorespiration is high at 29% 
(Table 5-4) but at low temperature photorespiration consumes between 14-24% of 
electron transport, reflecting a significant, though diminished, dependence on the 
photorespiratory pathway as an alternative electron sink (Table 5-4).
The water-water cycle at low temperature
At room temperature and high CO2 partial pressure the water-water cycle is saturated at 
approximately 210 mbar O2 in air and half-saturated at approximately 6.5-8.4% O2 in 
air (Furbank et al. 1982; Asada 1999). Thus, the (^-sensitive water-water cycle can be 
considered a component of the decline in electron requirement brought about by the 
reduction in O2 partial pressure at 25°C (Fig. 5-11). If the water-water cycle were 
increasingly important for photoprotection at low temperature then one would assume 
that the proportion of direct reduction of O2 would increase at low temperature as 
reported by Flexas et al. (1999) and Fryer et al. (1998). The slopes of the regressions do 
not increase but in fact decrease at low temperature, ambient CO2 and in the absence of 
the majority of photorespiration at low O2 (Fig. 5-11). Whilst considerable 
photorespiration occurs at below optimum temperature, the data fail to provide strong 
evidence for a significant increase in the direct reduction of oxygen considering that our 
calculation o f ‘potential’ water-water cycle declines from 17% to -12% of total electron 
flow (Table 5-4). This decline in ‘potential’ water-water cycle, however, may also 
account for other non-destructive O2 sensitive processes that consume electrons. The 
further reduction in slope from 25°C to 5°C at low O2 may also reflect inhibition of 
other alternative electron sinks including nitrate and sulphate assimilation (Table 5-4). 
Nitrate assimilation, for example, uses 2.5 times the NADPH required for fixation of 
CO2 (Noctor & Foyer 1998) and can be between 4-10% of carbon assimilation 
(Robinson 1988) that would potentially account for up to 8% of total electron flow at 
25°C. Further investigation is required to elucidate the temperature response and 
concurrent electron transport requirement of nitrate and sulphate assimilation in 
grapevine.
Lowering the leaf temperature by 15°C suppressed electron transport to O2 to a lesser 
extent than a reduction in O2 partial pressure (Table 5-4). From this data, it can be
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observed that a 15°C decline in leaf temperature results in a 28% and 94% reduction in 
the proportion of electron flow to photorespiration and ‘potential’ water-water cycle, 
respectively. The ‘potential’ water-water cycle appears to be more temperature sensitive 
than photorespiration implying that the importance of the water-water cycle for 
photoprotection was considerably reduced at low temperature in grapevine. This 
calculation is in qualitative agreement with conclusions made by other authors working 
with C3 plants (Wu et al. 1991; Wiese et al. 1998; Ruuska et al. 2000b). Alternative 
photoprotection strategies may play a more important role at low temperature. These 
strategies could include the energisation of the thylakoid membrane by cyclic electron 
transport around PSI at low temperature (Clarke & Johnson 2001) and the Q cycle 
around the cytochrome btf complex would reduce the dependence on whole chain 
electron transport for membrane energisation and ATP synthesis (Cramer et al. 1996). It 
should be noted that acclimation to low growth temperature might play a role in 
enhanced electron flow to O2 via PSI. Growth at low temperature stimulates PSI 
capacity for electron transport under light-saturation (see Falk et al. 1996 and cited 
references therein). However, it is also noted by these authors that excursions below 
optimum temperature for warm-acclimated plants also stimulated light-saturated PSI 
activity, a phenomenon that was not observed in this study.
The data in this study are inconsistent with the observations made by Flexas et al. 
(1999) where measurements of the ratio of electron transport to gross O2 evolution for 
grapevine were made subsequent to, not during, low temperature treatment. Flexas et al. 
(1999) concluded that the water-water cycle was enhanced by cold stress, measured as 
18Ü2 uptake by leaf discs at high CO2. CO2 partial pressures of up to 5% can have a 
variable effect on mesophyll conductance but in many cases, stomata remain open in 
high CO2 (Wheeler et al. 1999). Measurements of light-saturated O2 evolution of 
soybean leaf discs showed no increase in a 1% CO2 atmosphere after treatment with 
Fusiccocin to remove control of guard cell turgor and maintain low stomatal resistance 
(Xu et al. 1992). A likely explanation of the results of Flexas et al. (1999) is that a high 
level of water stress imposed by the chilling treatment caused sufficient stomatal 
closure to prevent the leaf mesophyll from being saturated with CO2 even at the high 
concentrations used. These conditions would favour photorespiration at warm 
temperature, causing an increase in the ratio of Jpsn to gross O2 evolution, as discussed 
by Badger et al. (2000). Our experiment was undertaken at ambient CO2 during a short
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low temperature treatment and we found no increase in electron flow to O2 in the 
absence of the majority of photorespiration. In fact, the slope of the relationship fell 
even closer to the theoretical minimum at low temperature and low Cb. Thus, there is no 
need to invoke increasing water-water cycle to explain the results and the relative 
proportion of photosynthetic carbon reduction to photorespiration is sufficient to 
account for changes in the ratio of Jpsn to gross O2 evolution. Further experiments that 
could shed light on the true contribution of the water-water cycle could include mass- 
spectrometry in the presence of a chemical agent, such as Fusiccocin, to maintain low 
stomatal resistance (Xu et al. 1992) or in a system that allows measurements to be made 
at air levels of CO2 with intact leaves (Badger 1985).
5.4.5 The regulation of electron transport capacity at low temperature
In the absence of net photoinactivation of PSII, alternative processes must be regulating 
the rate of electron transport through PSII. The possible alternative processes include 
the preferential photoinactivation of PSI at high light and low temperature, the intrinsic 
temperature dependence of electron transport capacity and the active down-regulation of 
PSII light-harvesting efficiency via ApH-mediated feedback regulation or thioredoxin 
redox regulation.
Lack o f photoinactivation o f photosystem I
After a short-term treatment at high light and low temperature the relative loss of 
activity was slower for PSI compared to PSII demonstrating the relatively greater 
importance of PSII as an estimate of the photoinhibited state in grapevine leaves (Fig. 5- 
9). This tolerance of PSI to chilling in the light has also been observed for Arabidopsis 
for both wild type and mutants lacking violaxanthin de-epoxidase (Havaux & 
Kloppstech 2001). A study by Kim et al. (2001) postulated that cyclic electron flow 
around PSI and controlled charge recombination within PSI would partly limit the 
extent of photoinactivation of cucumber leaves chilled in the light. Such a process may 
be occurring in grapevines although field and laboratory evidence suggests that a high 
degree of photosynthetic control may be exerted over the efficiency of both light­
harvesting and thermal dissipation. A recent study of rice plants chilled in the light 
showed that the rate of photoinactivation of PSII was more important for explaining loss
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of photosynthetic capacity than inhibition of PSI (Jeong et al. 2002). Jeong et al. (2002) 
also demonstrated that in both chilling-sensitive and chilling-resistant varieties of rice, 
chilling in the light had little effect on the activities of the chloroplastic antioxidant 
enzymes ascorbate peroxidase and superoxide dismutase, two known target sites for 
chilling-induced PSI photoinactivation. The extent of photoinactivation, rather, 
depended on the capacity for photochemical dissipation of light in particular the 
expression of genes for sucrose metabolism (Jeong et al. 2002).
The temperature dependence o f electron transport
The temperature responses observed for both east and west facing light-saturated J psii 
(Fig. 5-4) were consistent with an optimum photosynthetic temperature of 27-30°C as 
reported by Kriedemann (1968). The temperature dependence of electron transport rate 
has been noted before in other C3 species (Xu et al. 1999; Clarke & Johnson 2001) and 
has been explained at high temperature by limiting CO2 and at low temperature, in part, 
by limited diffusion of plastoquinone and plastocyanin through the membrane and 
lumen of the thylakoid, respectively (Ott et al. 1999). The latter possible low 
temperature event has not been demonstrated, is not a regulatory mechanism per se and 
is unlikely to be very useful to the plant for active photoprotection as over reduction of 
PSII would still occur. Other studies have demonstrated that photosynthetic capacity is 
not limited by electron transport until more than 40% of PSII reaction centres have been 
photoinactivated (Lee et al. 1999). There is a large excess of PSII electron transport 
capacity not required for light-saturated CO2 fixation at least under warm conditions.
A recent study by Ott et al. (1999) showed that the fast-relaxing component of NPQ, an 
indication of high-energy state quenching by ApH, remained relatively constant at high 
light and low leaf temperature despite a reduction in Opsn- It was therefore suggested 
that instead of ApH-mediated regulation of photosynthetic electron transport, redox 
regulation of a stromal component (possibly ferredoxin) within the chloroplast might 
provide an alternative regulation mechanism. The thioredoxin pathway has been 
implicated as a possible candidate for light regulation of Rubisco activase (Ruuska et al. 
2000b) and has also previously been suggested to play a role in long-term acclimation 
to high light and/or low temperature (Huner et al. 1996). The role of the chloroplast as a
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sensor of environmental change is thought to be a response to an imbalance between 
energy supply and energy consumption, sensed as an increase in the reduction state of 
Qa (see Fig. 5-13; Huner et al. 1996). It should be noted, however, that the plants used 
in the experiments of Ott et al. (1999) were grown under a light-intensity of 100 pmol 
quanta m’2 s’1 and then treated at 1300 pmol quanta m'2 s'1. Under such conditions it 
would not be surprising that these shade-acclimated leaves were at maximum NPQ and 
being photoinactivated under such high excitation pressures. Also Foyer et al. (1990) 
point out that there is little evidence for a high reduction state of the ferredoxin pool 
under any condition (malate de-hydrogenase activation, a sensitive indicator of PSI 
reduction state, is seldom higher than 30% in vivo). It appears unlikely that a lack of 
PSI electron acceptors would limit electron transport even at low temperature.
A more likely candidate for regulation of photosynthetic electron transport is the 
modulation of the trans-thylakoid pH gradient or ApH. One reason is that control by 
lumen pH allows an immediate, within several seconds, response to changes in 
excitation pressure (Müller et al. 2001). A second reason is that a high ApH affects 
several processes within the chloroplast including (1) the rate of electron transport via 
oxidation of plastoquinol by the cytochrome böf complex (2) the rate of carbon 
assimilation, (3) the rate of chloroplast-encoded protein synthesis and (4) the induction 
of thermal energy dissipation via qE (Chow & Hope 2002). In the case where stomatal 
closure limits the CO2 partial pressure in the chloroplast the A TP/ADP ratio is increased 
by limited photosynthetic capacity {ATP consumption by CO2 fixation declines) and 
both light-harvesting efficiency and electron transfer are limited because the ApH 
cannot meet the free energy requirement for photophosphorylation at high ATP/ADP 
ratios (Chow & Hope 2002). Under low temperature conditions when CO2 is excessive 
to the requirement of photosynthesis, limitation of ATP synthesis can also be brought 
about by sequestration of orthophosphate by phosphorylated intermediates in the 
sucrose biosynthesis pathway (Leegood & Furbank 1986; Sharkey et al. 1986). The 
subsequent build up of a high ApH also drives down-regulation of PSII quantum 
efficiency and increases thermal dissipation. This feedback regulation of electron 
transport is a form of ‘photosynthetic control’ under conditions where carbon 
metabolism becomes limiting for photosynthesis (Foyer et al. 1990). Evidence for the 
feedback regulation of grapevine photosynthetic electron transport under low
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temperature and high light conditions has been previously demonstrated in Chapter 4 
and is well characterised in many other species (Foyer et al. 1990; Paul & Foyer 2001). 
In this study, measurements of the temperature dependence of Jpsn and NPQ at 
relatively constant Cj suggest that ApH-mediated feedback regulation may be important 
in grapevine leaves at low temperature (Figs. 5-3 & 5-6). The stimulation of 
photosynthesis and partial suppression of photorespiration by twice ambient CCF partial 
pressure (700 (ibar) was ineffective at reducing the quantum yield of photoinactivation 
(Table 5-5). This was likely due to an insensitivity of photosynthesis to CCF because 
phosphate limitation of photosynthesis can occur at 9°C in grapevine leaves (Chapter 4). 
Indeed, the addition of a phosphate solution to the leaves reduced the quantum yield of 
photoinactivation when leaves were illuminated at 9°C (Table 5-5). A study of winter 
rye by Hurry et al. (1993) showed a decreased sensitivity to chilling-induced net 
photoinactivation after cold-acclimation or feeding of phosphate. Although the result for 
phosphate-fed grapevine leaf discs is marginal after only two hours of photoinhibitory 
treatment (Table 5-5) the result for winter rye revealed that this phosphate-induced 
resistance is considerable when accumulated over longer periods of time (Hurry et al. 
1993). This clearly demonstrates a role for phosphate metabolism in grapevine 
photoprotection at low leaf temperature. Thus the feedback regulation of electron 
transport and light-harvesting efficiency by phosphate-limited ApH change represents a 
tightly coupled process of regulating the balance between energy supply and demand in 
the short term. Until the ApH of leaves can be directly measured in vivo the relative 
importance of redox regulation and ApH-induced feedback regulation of linear electron 
transport can only be inferred at low temperature from indirect measurements.
5.4.6 The temperature dependence of photoprotective mechanisms
Figure 5-15 and Table 5-6 attempt to summarise the components of energy dissipation 
in grapevine leaves. Both the table and the figure describe the temperature response of 
all energy dissipation mechanisms implicated in the photoprotection of light-saturated 
grapevine leaf under varying temperature. The use of the quantum efficiencies Opsn, 
O NPq and O f d allow researchers to accurately determine the fate of all light that is 
absorbed by LHCII and PSII and to calculate the steady-state rates of dissipation of 
absorbed light by the various dissipatory processes (Figure 5-15; Table 5-6). The rate of 
electron transport through PSII (Jpsn) can be subdivided into the Rubisco dependent
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processes of carboxylation (Jc) and oxygenation (J0) and other alternative light- 
dependent electron consuming processes including the water-water cycle, nitrate 
assimilation and sulfate assimilation (Ja)- Thus, assuming the accuracy of current 
photosynthesis modeling and the validity of modeling assumptions, the relative 
importance of the majority of photoprotective strategies can now be quantified using the 
non-intrusive and non-destructive combination of leaf chlorophyll fluorescence and leaf 
gas exchange.
Table 5-6. Summary of the rates of photosynthesis f4sat), dark respiration (/?d) photorespiration, 
(/?L), and absorbed light energy dissipation (</) to various processes under saturating illumination 
(800 pmol quanta m'2 s'1) and varying leaf temperature (7 ^ ) assuming a constant mesophyll 
conductance (gm = 0.3 mol C 02 m'2 s'1 bar'1). The various dissipatory processes include total linear 
electron transport through PSII (J psii) and its component processes of electron flow to C 02 fixation 
(Jc), photorespiration (J0) and alternative electron consuming processes (JA), the rate of energy 
dissipation through light-dependent ApH and xanthophyll-mediated thermal dissipation (J Npq) and 
the sum of fluorescence quenching and light-independent thermal dissipation (Jf<D).
Tleaf, ° C 25 20 15 10 5
^ sat, |xmol C 0 2 m 2 s'1 14.6 ±0.2 13.5 ±0.2 11.5 ± 0.1 9.3 ±0.1 5.2 ±0.1
i?d, pmol C 0 2 m'2 s'1 0.63 ± 0.06 0.37 ±0.04 0.21 ±0.04 0.12 ±0.01 0.06 ±0.01
/? L, pmol C 0 2 m'2 s'1 3.0 ±0.1 2.4 ±0.1 1.7 ± 0.1 1.1 ±0.2 0.3 ±0.1
J psii, pmol e'm '2 s'1 128 ±2 112 ± 4 84 ±2 46 ± 1 23 ±3
/ „  jimol e'm '2 s'1 73 ±2 65 ± 1 54 ±2 43 ±3 23 ± 1
J 0, pmol e'm '2 s'1 23.7 ±0.9 18.9 ±0.5 13.7 ±0.4 8.8 ±0.9 2.7 ±0.2
J A, pmol e'm '2 s 1 31 ±5 27 ±4 16 ± 3 -5 ±3 -2 ± 1
J NPq , pmol quanta m'2 s"1 125 ±11 149 ±8 181 ±3 230 ±2 254 ±3
Jf,D, pmol quanta m'2 s'1 87 ±8 80 ±4 75 ±2 64 ± 1 63 ± 1
As demonstrated above (Table 5-4) the relative importance of photorespiration and the 
water-water cycle for energy dissipation was significantly reduced at low leaf 
temperature in grapevine and the rate of non-photochemical energy dissipation 
increased significantly to compensate (Table 5-6; Fig. 5-16). The rate of light energy 
dissipation via fluorescence quenching and light-independent energy dissipation as heat 
was also reduced at low temperature (Table 5-6; Fig. 5-16). Up to 75% of absorbed light 
was dissipated via ApH- and xanthophyll-mediated non-photochemical quenching at
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low temperature, moderate saturating light and ambient CCF partial pressure (Table 5-6; 
Fig. 5-16).
Although thermal dissipation is an extremely important energy sink in the dissipation of 
absorbed light, the steady state proportion of reduced QA is increased at low temperature 
for all light intensities (Fig. 5-13). This implies that in the event of chilling-induced 
reductions of photosynthesis in grapevine, (1) thermal dissipation alone is insufficient to 
prevent progressive reduction of the acceptor side of PSII and (2) alternative dissipatory 
mechanisms such as photorespiration and water-water cycle did not increase to the 
extent that an increase in the reduction state of Qa could be prevented. Öquist et al. 
(1992) demonstrated that after 4 hours illumination at 1700 pmol quanta m'“ s' net 
photoinactivation occurred only when qP fell below a value of 0.6 for several species 
grown under varying conditions. A (1 -qP) value of 0.4 may thus represent a threshold 
value beyond which grapevine leaves become more susceptible to photoinactivation. 
For leaves treated at 10°C, this threshold 1-qP is exceeded at half the light intensity for 
leaves treated at 25°C. The irradiance responses of 1-qP at 25°C and 10°C are almost 
identical to the relationships described by Haldimann et al. (1996) for maize leaves 
grown at 25°C and treated at 25°C and 15°C. The reduction state of QA in grapevine 
leaves at 25°C was significantly lower than that of rice leaves illuminated at the same 
temperature (Xu et al. 2000). Therefore, the ability of the grapevine to maintain lower 
Qa reduction states compared to other species at equivalent light and temperature may 
contribute to the relatively high resistance to photoinactivation in grapevine leaf. It 
should also be noted that only 2-hour treatments of leaf discs floating on water and 
illuminated at lower light intensity were used in the present study that may have 
increased the 1-qP threshold level above 0.4. Haldimann et al. (1996) also demonstrated 
that maize leaves acclimated to sub-optimal temperature were less susceptible to PSII 
photoinactivation. This was associated with a reduction in the level of 1-qP at both 25°C 
and 15°C, particularly at saturating light intensities (Haldimann et al. 1996). Thus, field- 
acclimated grapevines are likely to have an even lower susceptibility to net 
photoinactivation than glasshouse-grown leaves by being able to retain a lower 
reduction state of QA (Huner et al. 1996). This may explain why glasshouse grown vine 
leaves, in contrast to field-acclimated leaves, exhibit net photoinactivation of PSII 
reaction centers after short-term illumination at low temperature. Assuming that this
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threshold of 0.4 is also specific to grapevines, at low (10°C) temperature, D1 repair is 
relatively more important than alternative energy dissipation above light intensities of 
approximately 400 pmol quanta m “ s' for maintaining low rates of net 
photoinactivation. At warm, 25°C, temperature D1 repair is relatively more important 
above light intensities of approximately 1000 pmol quanta m' s' . In summary, low 
temperature-treated grapevine leaves are more reliant on a high rate of repair at 
increasingly lower light intensities than their warm-treated counterparts.
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Figure 5-15. The proportion of absorbed light transferred to the various energy sinks within the 
grapevine leaf at low temperature assuming a constant mesophyll conductance (gm = 0.3 mol C 0 2 
m'2 s’1 bar '). The various dissipatory processes include total linear electron flow to C 0 2 fixation 
(7C), photorespiration (J0) and alternative processes ( /A), and the rate of energy dissipation through 
light-dependent ApH and xanthophyll-mediated thermal dissipation C/npq) and the sum of 
fluorescence quenching and light-independent thermal dissipation (J (iD). Measurements were made 
under constant illumination at 800 pmol quanta m'2 s'1, and C, = 274 ± 14 pbar and 0 2 = 210 mbar 
partial pressures. Each point is the mean ± SE of 3 leaves. Calculations were made assuming that 
the fraction of incident light absorbed by the leaf does not change with reductions in leaf 
temperature and that approximately one half of total absorbed light is utilised by PSII.
The estimates of photorespiration-dependent electron transport, J0, and hence 7A shown 
in Fig. 5-15 depends upon several assumptions. Most importantly, it depends upon the
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CO: compensation point in the absence of mitochondrial respiration, T*, that in turn 
depends upon accurate calculations of C\. Mesophyll resistance at low temperature may 
also provide a considerable barrier against CO: diffusion favouring oxygenation over 
carboxylation (Laisk & Loreto 1996). Although a mesophyll diffusion conductance term 
was included in calculations of chloroplastic CCL partial pressures, this was taken from 
a tobacco specific relationship (von Caemmerer & Evans 1991) that may not accurately 
reflect the CO2 diffusion barrier of grapevine leaves. The same issue arises when 
considering the temperature dependence of T*: the temperature dependence reported by 
Bernacchi et al. (2002) used in this study may have underestimated and/or 
overestimated T* for grapevine leaves. In a study such as this, determining the correct 
amount of alternative electron transport depends upon the accuracy of the model 
parameters used. The use of previously reported parameters of T* and gm from other 
species thus potentially compromises the accuracy of such a study. This is highlighted 
in Figure 5-16 where the lack of or use of different assumed mesophyll conductance can 
dramatically affect the proportion of electron transport to photorespiration and hence 
alternative processes at high temperature (Table 5-7). Regardless of the large variation 
in JA at high temperature, this study clearly demonstrates that despite contrasting 
mesophyll conductance, there is minimal alternative electron transport at low 
temperature (Fig. 5-17). An accurate determination of grapevine T* will in the future 
allow a more definite conclusion to be made. It is also possible that there is greater 
electron flow to O2 via photorespiration and water-water cycle in field-acclimated 
grapevines as previously observed by Savitch (2000) for plants acclimating to low 
temperature.
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Figure 5-16. The estimation of the proportion of absorbed light dissipated via alternative processes 
other than C 0 2- or photorespiration-dependent electron transport or thermal dissipation (JA) at 
low temperature. Either no mesophyll conductance (gm) where C,=Cc (□ ) , g m = 0.3 mol C 0 2 m'2 s'1 
bar'1 (□ )  or g m = 0.13 mol C 0 2 m'2 s'1 bar'1 (□ )  was assumed. Measurements were made under 
constant illumination at 800 pmol quanta m'2 s'1, and approximately constant Q (274 ± 14 pbar) 
and 0 2 (210 mbar) partial pressures. Each point is the mean ± SE of 3 leaves. Calculations were 
made assuming that the fraction of incident light absorbed by the leaf does not change with 
reductions in leaf temperature and that approximately one half of total absorbed light is utilised by 
PS1I. Refer to Tables 5-6 & 5-7 for the relevant electron transport rates to carboxylation and 
oxygenation.
Table 5-7. Calculated electron transport to the processes of carboxylation, Jc, and oxygenation, J0, 
at low temperature assuming either that both intercellular airspace (Cj) and chloroplastic (Cc) C 0 2 
partial pressures were equal or that there was a constant mesophyll conductance, £ m, of 0.13 mol 
C 0 2 m 2 s'1 bar'1.
Ci =  C c g m =  0.13 mol CO2 m'2 s '1 bar'1
r ,ea f , °C J c J o J c J o
25 71 ± 2 19 ±  1 8 0 . 0  ± 2 3 7  ± 2
20 6 4  ±  1 15.1 ± 0 . 3 7 0  ±  1 2 8  ±  1
15 53  ± 2 11.3 ± 0 . 3 5 7  ± 2 19 ±  1
10 4 2  ± 3 7 .6  ± 0 . 6 4 4  ± 3 11 ± 2
5 2 3  ± 2 2 .5  ± 0 . 1 2 3  ± 2 2 .9  ± 0 . 2
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5.5 C onclusions
I conclude that despite a reduction in energy dissipation by Rubisco-mediated processes 
at low temperature causing significant increases in the amount of light excessive to that 
of photosynthesis, grapevine leaves maintain high intrinsic quantum efficiencies of 
PSII, as measured by the chlorophyll fluorescence parameter FJFm, in both the field 
and under laboratory conditions. FJFm was a linear measure of the percentage of 
functional PSII reaction centers in grapevine leaves and was therefore used to calculate 
the quantum yield of net photoinactivation. Grapevine leaves were found to be 
relatively resistant to photoinactivation at high and low temperatures compared to other 
species and that xanthophyll-mediated non-photochemical quenching and a high 
intrinsic rate of D1 repair were responsible for conferring this high resistance by 
reducing the ‘gross’ rate of photoinactivation and the ‘net’ rate of photoinactivation, 
respectively. A new method of energy dissipation analysis revealed that up to 75% of all 
absorbed light is dissipated thermally via pH and xanthophyll-mediated non­
photochemical quenching at low temperature and moderate light. Energy dissipation via 
photorespiration was found to account for up to 20% of total electron transport when 
using an assumed temperature-dependent mesophyll conductance. Estimated water- 
water cycle contribution was reduced more at low temperature under saturating light 
conditions than photorespiration and accounted for between 0-11% of total electron 
transport at 10°C depending on mesophyll conductance.
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Chapter 6 General discussion
6.1 Introduction
The responses of warm acclimated plants to low temperature are varied and complex, 
affecting plant capacity for survival, growth and reproduction. Photosynthesis, the 
essential process underlying these biological imperatives, is an important subject of 
crop research. Cultivation of grapevine (Vitis vinifera L.), the crop studied in this thesis, 
for wine production is an extremely important and rapidly expanding industry in 
Australia and elsewhere (Gladstones 1992). Since premium and super premium wines 
are primarily produced in cool climates, there is growing interest in the response of 
grapevines to low temperature (Jackson & Schuster 1997). Since grapevines are highly 
sensitive to source:sink imbalance (Edson et al. 1993, 1995; Foyer et al. 1995; Escalona 
et al. 1999; Petrie et al. 2000; Maroco et al. 2002) and have leaf structure that confers 
low temperature sensitivity (Gamalei et al. 1991, 1994), it seems likely that biochemical 
feedback mechanisms are important in determining photosynthetic regulation of 
photosynthesis at low temperature (Foyer et al. 1995). High levels of regulatory control 
are vital for balancing the rates of energy and carbon production with consumption, in 
the process avoiding long-term damage of the photosynthetic apparatus. Feedback 
control of CO2 assimilation and electron transport by the rate of end-product (i.e. 
sucrose and starch) synthesis is therefore an extremely relevant process in plants (Foyer 
et al. 1990; Paul & Foyer 2001). The lack of photoinactivation of the photosynthetic 
apparatus in grapevine leaves (Chaumont et al. 1997; Flexas et al. 1999) is testament to 
a highly effective regulation of photosynthetic sourceisink balance.
Many studies have investigated the photosynthetic response of warm-acclimated plants 
to low, above-freezing temperatures (Allen & Ort 2001). However, relatively few have 
described the response of grapevine photosynthesis (Bald et al. 1987; Chaumont et al. 
1995; Flexas et al. 1999) and, to my knowledge, none have demonstrated either a 
mechanism responsible for this chilling-induced limitation or whether this limitation 
impacts grapevine productivity in a field-acclimated situation. The series of studies that 
constitute my thesis were designed to investigate the response of grapevine 
photosynthesis at low temperature and the mechanisms that govern the efficiency of this 
response to low temperature.
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The general aims of this research project were threefold:
(1) To examine the evidence for low temperature-sensitive photosynthesis in field- 
grown, cold-acclimated grapevines and to examine whether this response 
impacts on the carbon gain and growth of grapevines,
(2) If this chilling sensitivity exists, to determine the partial processes regulating 
photosynthesis at low temperature, and
(3) To quantify the role of net photoinactivation of PSII in low temperature-limited 
grapevine photosynthesis and to determine the contribution of alternative energy 
dissipation mechanisms to photoprotection.
6.1.1 Photosynthesis determines the impact of low temperature on grapevine 
carbon gain and growth
This is the first study of the impact of transient, chilling-induced reductions of 
photosynthesis on the carbon gain and growth of field-acclimatcd grapevines. One of 
the aims of this study was to investigate possible interactions between marginal 
microclimatic variation in minimum temperature and large, early-season diurnal 
variation in temperature range and the consequences of such interactions on growth and 
photosynthetic carbon gain of cool climate, field-grown vines. It was discovered that 
short-term photosynthesis responses to early morning low temperature were mediated 
by stomatal closure (Figs. 2-2, 2-3, 2-7, 2-8) and biochemical limitation (Figs. 2-7, 2-8), 
without sustained net photoinactivation (Table 3-2; Figs. 2-2, 2-3), and were responsible 
for the restriction of total daily carbon gain in field-acclimated grapevines (Tables 2-1, 
2-2). These responses were exhibited by two field-grown grapevine varieties that are 
commonly grown in cool climates. Of these two varieties, Riesling showed greater 
sensitivity to low temperature than Pinot Noir (Fig. 2-5). The daily loss of integrated 
daily carbon gain accumulates over time to produce large differences in growth even 
between microsites within a vineyard differing by 1-3°C due to cold air drainage (Fig. 
2-5). Interestingly, the growth difference was only realized between the emergence of 
the first source leaf, where export of assimilates occurs, and flowering, when resources 
are diverted to reproduction, suggesting that net photosynthetic carbon production is 
required to drive this variation in growth (Fig. 2-5).
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6.1.2 The mechanisms underlying the response of photosynthesis to low 
temperature are both stomatal and biochemical
Chilling grapevine leaves both in the light and in the dark can induce a restriction of 
photosynthesis. It was confirmed that chilling in the dark caused a restriction of 
stomatal conductance that can be prolonged during the morning period in the absence of 
water stress (Fig. 3-1). Stomatal closure was also reduced at low temperature, despite 
low vpdL or constant intercellular CCb partial pressure (Fig. 3-5, 3-6). The difference 
between chilling in the dark and chilling in the light therefore appears to be due to the 
presence of a non-stomatal limitation of photosynthesis during illumination (Tables 2-3; 
Figs. 2-7, 2-8, 3-6).
As stomatal and mesophyll (Bemacchi et al. 2002) resistance to CO2 increases during 
low temperature treatment, Rubisco activity becomes the limiting factor under 
saturating light (Table 2-3; Fig. 4-4). Loss of Rubisco activity is due to thermodynamic 
constraints on catalytic turnover and a de-carbamylation of active Rubisco sites. Above 
15°C the loss of Rubisco activity and both stomatal and mesophyll conductance causes 
the decline in photosynthetic rate (Tables 2-3; Fig. 4-8). Below 15°C stomatal 
conductance, mesophyll conductance and Rubisco activity continue to decline, however, 
restriction of RuBP regeneration becomes relatively more important in limiting the rate 
of photosynthesis (Table 2-3; Figs. 4-7, 4-8). The absence of chronic photoinactivation 
in field- and glasshouse-grown grapevines and the stimulation of photosynthesis by 
phosphate feeding (Tables 4-2, 4-3, 4-4) demonstrate that limited RuBP regeneration 
(Table 4-5; Fig. 2-8) is due to end-product limitation. Under these conditions, 
photosynthesis becomes insensitive to changes in O2 and CO2 partial pressure, 
explaining why relative stomatal limitation declines rapidly to 0% below 15°C (Tables 
2-3; 4-2).
These temperature dependent processes were incorporated into the Farquhar & von 
Caemmerer photosynthesis model. The addition of the triose-phosphate utilization (A?) 
function of Sharkey et al. (1986) and Harley & Sharkey (1991) was necessary to reflect 
the limitation of photosynthesis by end-product limitation. Introducing temperature 
dependence to the rate of Triose-P export (7"p) grapevines greatly improves accurate 
prediction of photosynthetic rate at low temperature and ambient and elevated CO2 
partial pressures (Figs. 4-7, 4-8).
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6.1.3 Photoprotection and repair of PSII in grapevine limits the extent of net 
photoinactivation and is related more to the xanthophyll cycle than to 
electron flow to O2
This study aimed to characterise the effects of chilling in the light on leaf 
photosynthesis and energy dissipation in both field- and glasshouse-grown grapevine. 
Leaf chlorophyll fluorescence and gas exchange measured concurrently in a temperature 
controlled, rapid-response system allowed quantification of the importance of the 
above-mentioned photoprotective strategies to explain the lack of sustained net 
photoinactivation of PSII in field- and glasshouse-grown grapevine.
Despite a reduction in energy dissipation by Rubisco-mediated processes at low 
temperature, causing significant increases in the amount of light excessive to that of 
photosynthesis (Figs. 5-6, 5-8), grapevine leaves maintain high intrinsic quantum 
efficiencies of PSII, as measured by the chlorophyll fluorescence parameter FJFm, in 
both field and laboratory conditions (Figs. 2-2, 2-3, 5-6). FJFm was found to be a linear 
measure of the percentage of functional PSII reaction centers in grapevine leaves and 
was used to calculate the quantum yield of net photoinactivation (Table 5-5; Fig. 5-11). 
Grapevine leaves are highly resistant to photoinactivation at all temperatures relative to 
other species (Table 5-5). Xanthophyll-mediated, non-photochemical quenching and 
high intrinsic rates of D1 repair are responsible for conferring this high resistance by 
reducing the ‘gross’ rate of photoinactivation and the ‘net’ rate of photoinactivation, 
respectively (Table 5-5). A new method of energy dissipation analysis revealed that up 
to 75% of all absorbed light is dissipated thermally via pH and xanthophyll-mediated, 
non-photochemical quenching at low temperature and moderate light (Fig. 5-15). 
Energy dissipation via photorespiration was found to account for up to 20% of total 
electron transport when using an assumed temperature-dependent mesophyll 
conductance (Table 5-4; Fig. 5-15). Estimated water-water cycle contribution was more 
temperature sensitive than photorespiration and accounted for negligible proportions of 
electron transport below 10°C regardless of varying assumed mesophyll conductance 
(Table 5-4; Fig. 5-15). In grapevine leaves illuminated at low temperature, the 
xanthophyll cycle is demonstratively more important for photoprotection than either 
photorespiration or the water-water cycle (Table 5-5; Fig. 5-15). Thus, the xanthophyll 
cycle and the high rate of D1 repair predominantly mitigate against photoinactivation of 
PSII in grapevine.
Chapter 6: General D iscussion 181
6.2 Implications for vineyard site selection and management
This thesis was part-industry funded and thus the implications of this research for future 
viticulture must be stated. This thesis offers three major ramifications and are dealt with 
individually as follows:
• Chapter two introduced the well-known concept that temperature affects 
photosynthetic and growth processes. However, the novel finding of this chapter 
was the revelation that seemingly small ambient temperature differences can, if 
allowed to accumulate temporally, cause long-term differential productivity. 
This point should not be lost on viticulturalists who intend to establish vineyard 
operations in cool climates such as the Canberra region. Not only is selection of 
variety important for frost tolerance, but it may be that intra- and inter-varietal 
chilling tolerance can be yet another tool utilised for microsite selection within 
vineyards. Once complete characterisation of the chilling-tolerance to grapevine 
varieties is completed, simple temperature monitoring in potential sites would 
allow such planning to be made. Perhaps the placement of more vigorous vines 
in marginally cooler sites within a vineyard would lead to reduced shoot length 
and more manageable pruning regimes.
• Chapter four introduced the importance of the limitation of photosynthesis by 
reduced compartmental inorganic phosphate recycling under chilling conditions. 
This process is generally brought about by end-product limitation and it was 
shown that this limitation could be alleviated by feeding of inorganic phosphate. 
A major factor which may increase susceptibility of grapevines to Pi recycling 
limitation is fertilizer addition in viticulture and phosphorous nutrition. In 
addition to limited cold acclimation, other studies have demonstrated that under 
phosphate deficiency, photosynthesis is more susceptible to end-product 
limitation of photosynthetic capacity (Hurry et al. 2000; Pieters et al. 2001). 
This is an important point considering that many Australian soils have extremely 
low phosphorus levels and many vineyards are only given phosphate 
fertilization during initial planting (Gladstones 1992). This deficiency can 
therefore persist to varying extent throughout the commercial life of a vineyard 
and cause inherent susceptibility to end-product limitation of photosynthesis, 
despite cold acclimation. This also implies that regular foliar application of 
phosphate at the beginning of every season in cool climate vineyards (or
182 Chapter 6: General Discussion
immediately prior to cold weather periods) may improve overall biomass 
accumulation and hence ripening ability later in the season. Further studies are 
required to determine the existence of Pj-limited photosynthesis in the field and 
the mechanism(s) causing end-product limitation of photosynthesis.
• The third and final implication from this thesis is the importance of row 
orientation in limiting the extent of chilling-induced impairment of grape leaf 
function (see Chapters 2, 4 and 5). The argument for north-south row orientation 
has historically hinged on the evidence for better light exposure of fruit allowing 
equal ripening times (Jackson & Schuster 1997). This argument has been 
strengthened in this thesis, since it was shown that distinct east and west facing 
canopy halves limits time for each leaf to be exposed to potentially 
photoinhibitory conditions. This principal works for not only chilling tolerance 
but also other abiotic stresses including heat, and particularly, water stress. 
Using a north-south vineyard orientation may improve overall productivity of 
vineyard plantings, especially those in cool climate vineyards, by limiting 
exposure of canopy halves to potentially damaging conditions. An east-west 
canopy aspect maintains a high intrinsic quantum efficiency throughout the day 
by limiting time under excessive light and by allowing time for rapid recovery of 
quantum efficiency under optimal repair (low light) conditions. Higher 
photochemical quantum efficiency would also allow processes other than 
electron transport to limit photosynthesis and in the case of Pi-induced 
photosynthetic chilling sensitivity, this could be manageable (see above point).
6.3 Future Research Directions
In this thesis, field measurements of total integrated carbon gain were made on the 
exposed leaf canopy only. Under these conditions, respiration accounts for a very small 
proportion of leaf photosynthesis. However, to accurately quantify the response of total 
net photosynthetic carbon gain to low temperature, analysis of the net carbon 
contribution of either shade leaves within the canopy or whole canopy photosynthesis at 
low temperature should be undertaken. A series of experiments using a whole canopy 
gas exchange method, similar to that employed by Petrie et al. (2000), would be an 
ideal technique for confirmation of the total canopy response to low temperature. 
Growth chamber experiments with a range of minimum temperatures could be used to 
elaborate the effect of low temperature on fundamental growth parameters such as net
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assimilation rate (NAR) and leaf specific area, in order to identify a direct relationship 
between NAR and relative growth rate.
This thesis confirmed that chilling induces stomatal closure in grapevines that in turn 
prevents the emergence of a significant water deficit. Stomatal closure is induced in 
maize plants chilled overnight by the accumulation of endogenous ABA (Capell & 
Dörffling 1993). Drought has been previously demonstrated to induce ABA 
accumulation and prolong stomatal closure in maize, thereby conferring chill tolerance 
(Irigoyen et al. 1996; Perez et al. 1997). Partial root zone drying is a tool currently 
being used to reduce stomatal conductance by enhanced ABA synthesis and thereby 
increase water use efficiency (Stoll et al. 2000; Dry et al. 2001). Further investigation 
using this tool may reveal a useful method for cold hardening field-grown grapevines.
End-product limitation of photosynthesis can be induced in a number of ways, which 
were not examined in this thesis. Pulse-chase radio-labeling of illuminated grapevine 
leaves with 14C during high and low temperature treatments would identify the cause of 
the accumulation of phosphorylated intermediates and therefore end-product limitation 
at low leaf temperature. Once the site(s) of chilling sensitivity are known, further 
probing of the enzyme activities and metabolite concentrations involved could be 
undertaken using conventional biochemical assays. Measurements of Rubisco 
carbamylation state in a system that allows ambient CO2 partial pressures and that 
prevents the build up of a large boundary layer conductance may provide better 
information for the purposes of modeling Rubisco activity at low leaf temperature. 
Definition of parameters such as T* specifically for grapevine leaves would also 
improve the reliability of modeling conclusions. Diurnal measurements of Rubisco 
would be important to assess how quickly Rubisco carbamylation state recovers during 
cold treatment or upon return to warm temperature in grapevine (Hurry et al. 1994).
In the glasshouse grown vines, the threshold temperature below which phosphate limits 
photosynthesis at ambient CO2 partial pressures was determined to be approximately 
12°C. However, the existence of O2 insensitivity in the glasshouse-grown grapevines 
does not necessarily imply its prevalence in the field, since end-product limitation is 
only a short term response to low temperature until longer term photosynthetic gene 
expression can recover photosynthetic capacity (Paul & Foyer 2001). Cold acclimation 
is therefore expected to shift this O2 insensitivity threshold downwards (Comic &
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Louason 1980; Labate & Leegood 1988), assuming that the process affected can be 
acclimated to low temperature. If low temperature sensitivity is part structural, as 
suggested by Gamalei et al. (1994), then acclimation of warm grown plants may be 
insufficient. Pulse chase ,4C radio-labeling experiments would test this hypothesis.
Cold acclimation generally leads to increased photosynthetic rates at all low 
temperatures and a downward shift in the photosynthetic optimum leaf temperature 
(Wardlaw 1979; Badger et al. 1982; Holaday et al. 1992; Hurry et al. 1995). However, 
a study by Sage & Sharkey (1987) showed that P; limitation is still relevant under 
physiological conditions in the field. Wide spring diurnal temperature ranges (see 
Appendix 1) may ensure that grapevines are acclimated to such a broad temperature 
range that regular low temperature excursions may still cause end-product limitation. 
The possibility that wide diurnal temperature ranges may cause incomplete cold 
acclimation is an intriguing one (Sage & Sharkey 1987). Experiments in controlled 
environments with potted vines are required to assess this possibility. Temperature 
dependence of photosynthesis and the presence of O2 sensitivity under a range of 
diurnal temperature fluctuations and minimum temperatures would be an adequate test 
of this hypothesis. Under phosphate deficiency, photosynthesis is more susceptible to 
end-product limitation (Ikeda et al. 1993; Pieters et al. 2001). Acute chilling-induced Pi 
deficiency is also demonstrated to induce cold acclimation (Hurry et al. 2000). The 
fascinating central role of phosphate in end-product limitation and cold acclimation may 
therefore warrant the addition of foliar phosphate feeding treatments into the cold 
acclimation study of diurnal temperature ranges. There may be a tradeoff between 
regular foliar application and the ability of the plant to cold acclimate (Hurry et al. 
2000).
Further experiments that could shed light on the true contribution of the water-water 
cycle to energy dissipation at low temperature could include mass-spectrometry in the 
presence of a chemical agent, such as Fusicoccin, to maintain low stomatal resistance 
(Xu et al. 1992), or in a system that allows measurements to be made at air levels of 
CO2 with intact leaves (Badger 1985). This system would require a leaf cuvette where 
the air is stirred to prevent the formation of a high boundary layer resistance.
Direct estimation of the rate of degradation and synthesis of D1 protein by S- 
methionine radio-labeling techniques would confirm the importance of the grapevine
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repair mechanism in maintaining low rates of net photoinactivation. The rate of
o r
incorporation of "S-methionine after addition to leaf discs, followed by a chase with 
cold S-methionine, would determine the rate of de novo D1 synthesis and D1 
degradation, respectively. This method has been employed previously for Brassica 
napus leaves in response to light intensity (Sundby et al. 1993). The presence or 
absence of the violaxanthin de-epoxidase inhibitor DTT and/or the uncoupling agent 
nigericin in this experiment would also help determine the importance of the 
xanthophyll cycle in grapevine resistance to gross photoinactivation.
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Appendix 1 Macroclimatic data
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Figure App. 1-1. Mean daily air temperature (Tair; A, B), mean monthly rainfall and number of 
rain days (C, D) and relative humidity (E, F), plotted against month of year for Tumbarumba NSW  
Australia (A, C, E; 35.78° S; 148.01° E, 645 m) and Canberra ACT Australia (B, D, F; 35.31° S; 
149.2° E, 578 m). In panel A and B, mean daily maximum ( □ ) ,  mean daily minimum ( □ ) ,  mean 
daily 9 am ( □ )  and mean daily 3 pm ( □ )  air temperatures are described. Mean daily 9 am ( □ )  and 
mean daily 3 pm ( □ )  relative humidity are shown in panels E and F. Mean monthly rainfall ( • )  and 
the mean number of rain days (columns) are described in the upper and lower halves of panel C 
and D. In panels A, C and E, data was taken from the Tumbarumba Bureau of Meteorology 
weather station, each point being the mean of 19 to 115 years and mean annual rainfall is 986 mm. 
In panels B, D and F, data was taken from the Canberra airport Bureau of Meteorology weather 
station, each point being the mean of 59 years and mean annual rainfall is 632 mm.
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Appendix 2. Temperature dependence of 
grapevine mitochondrial respiration and 
photorespiration
Both mitochondrial (Rd) and photorespiratory (RL) CCL exchange rates of Riesling 
grapevine leaves were measured and, in the case of photorespiration, modeled in 
response to leaf temperature. Measurements were made using the laboratory-based 
system described in Chapter 2. For dark respiration, leaves were dark-acclimated for 1 
hour before measurements of CO2 evolution were measured (Fig. App. 2-1). 
Mitochondrial respiration in the dark observed a distinct exponential relationship with 
an activation energy of 81 ± 10 kJ mol'1. Grapevine leaves do observe a Kok effect 
whereby light suppresses Rd (data not shown). Leaf temperature is also known to affect 
Rd in the light in snowgum leaves (Atkin et al. 2000).
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Figure App. 2-1. Mitochondrial respiration, /?d, plotted against leaf temperature, 7ieaf, for Riesling 
grapevine leaves. Each point is the mean ±S E  of 5 leaves.
9 1Photorespiratory flux at light saturation (800 pmol quanta m'~ s' ) was estimated using 
three methods described by Sharkey (1988) and is shown in Figure App. 2-2. The first
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two methods involved either measurement of CO2 efflux from the leaf at 0 pbar CO2 
partial pressure (Rlcoi) or the stimulation of CO2 fixation by 20 mbar O2 partial 
pressure (Rloi)- The third and most reliable method (Sharkey 1988) involved modeling 
of the rate of photorespiration (/?LModei) using the Farquhar & von Caemmerer model 
and the model parameters from von Caemmerer (2000; See also Chapter 5 for modeling 
parameters). Photorespiration also showed strong temperature dependence regardless of 
the method used (Fig. App. 2-2). The modeled data was given temperature dependence 
with an activation energy of 60.11 kJ m ol1 according to Bernacchi et al. (2001).
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Figure App. 2-2. Photorespiratory temperature response of grapevine leaves measured as the rate 
of C 0 2 evolution at 0 pbar C 0 2 (□ )  or the reduction in photosynthetic rate by 20 mbar 0 2 ( ) and
modelled using the Farquhar & von Caemmerer model of photosynthesis (□ ). Each point is the 
mean ± SE of 3-4 leaves.
Interestingly, despite /?lco2 being consistently lower than /?Lmodei above 5°C, the Ruzcu 
relationship had similar activation energy of 60 ± 7 kJ mol ' and explains why the rates 
estimated from both methods converge at 5°C. Measurements of /?lco2 at 25°C were 
similar to the rates of light-saturated photorespiration at 25°C shown for Riesling 
grapevine leaves by Düring (1988). Measurement of /?lo2 more closely mimicked 
L̂Modei at low leaf temperature; however, above 15°C R^oi overestimated the rates of 
photorespiration as demonstrated by the modeled rates (Fig. App. 2-2).
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Appendix 3. Further energy dissipation 
analysis
Energy dissipation at light-saturation (800 pmol quanta m 2 s'1), low temperature and 
varying intercellular CO: partial pressures revealed that CCb-saturated and CCT-limited 
Opsn, and to a lesser extent Of.o, were progressively reduced with every 5°C reduction 
in leaf temperature (Fig. App. 3-1) as demonstrated at ambient CO2 partial pressures in 
Figure 5-9. CCb-saturated Opsn was 39 ± 1%, 28 ± 0%, 19 ± 0%, 11 ± 1% and 5 ± 0% at 
25°C, 20°C, 15°C, 10°C and 5°C, respectively (Fig. App. 3-1). CCF-saturated was 
marginally reduced from 23 ± 1% at 25°C to 18 ± 0% at 5°C (Fig. App. 3-1) and CO2- 
saturated Onpq was dramatically increased with 38 ± 2%, 51 ± 1%, 61 ± 1%, 71 ± 1% 
and 76 ± 1% at 25°C, 20°C, 15°C, 10°C and 5°C, respectively (Fig. App. 3-1). C 0 2- 
limited energy dissipation showed a very similar response to temperature except at very 
low CO2 partial pressures where both efficiencies of Opsn and Of.D were reduced, 
allowing a coordinate increase in 3>npq (Fig. 5-9). Overall, Opsn and D became more 
CCF-insensitive when temperature was lowered from 25°C to 5°C (Fig. App. 3-1).
9 1Analysis of energy dissipation at light-saturation (800 pmol quanta m s' ) and low 
temperatures in ambient (210 mbar or 21%) or reduced (20 mbar or 2%) O2 partial 
pressures revealed that while Opsn was relatively insensitive to O2 (Fig. App. 3-2A), 
Of.D was limited by a reduction in O2 (25 ± 2% and 19 ± 2% for 210 mbar and 20 mbar 
O2 , respectively; Fig. App. 3-2C). This O2 sensitivity was also revealed to have a 
temperature sensitive component with Of,o being 14 ± 2% at both O2 partial pressures 
and 5°C. The small reduction in Of.D was generally compensated for by marginal 
increases in 0 NPQ(Fig. App. 3-2B).
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Figure App. 3-1. The estimated fraction of absorbed irradiance dissipated via photochemistry, 
Opsn, light-dependent ApH and xanthophyll mediated thermal dissipation, 3>NPq, and the sum of 
fluorescence quenching and light-independent thermal dissipation, Of,D plotted against intercellular 
C 02 partial pressure, Q, at 25°C (A) and 20°C (B), 15°C (C), 10°C (D) and 5°C (E) for grapevine 
leaves (V. vinifera L. cv. Riesling). Measurements were undertaken at 210 mbar 0 2 and 800 |imol 
quanta m'2 s'1. Each point is the mean ± SE of 3-4 leaves.
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0.30
Figure App 3-2. The estimated fraction of absorbed irradiance dissipated via photochemistry, Opsn 
(A), light-dependent ApH and xanthophyll mediated thermal dissipation, Onpq (B), and the sum of 
fluorescence quenching and light-independent thermal dissipation, Or,D (C) plotted against leaf 
temperature at 20 mbar 0 2 (□ ) and 210 mbar 0 2 (□ ) for grapevine leaves (V. vinifera L. cv. 
Riesling). Each point is the mean ± SE of 3-4 leaves. Measurements were undertaken at 360 pbar 
C 02. Light intensity was 800 pmol quanta m'2 s'1.
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